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ABSTPACr

The behavior of the fully rough turbulent boundary layer subj ected

to favorable pressure gradients was investigated experimentally using a

porous test surface composed of densely packed spheres of uniform size.

Measurements of profiles of mean velocity, mean temperature and the com-

ponents of the Reynolds stress tensor are reported for both unblown and

blown layers. Stanton numbers were determined from energy balances on

the test surface and skin friction coefficients from measurements of the

Reynolds shear stress and mean velocity .

A new acceleration parameter , Kr~ for fully rough layers is de-

fined and shown to be dependent on a characteristic roughness dimension

but independent of molecular viscosity. For Kr constant and the blow-

ing fraction, F, constant and greater than or equal to zero, it is

shown that the fully rough turbulent boi.u~dary layer reaches an equilib-

rium state in which profiles of the mean velocity and the Reynolds stress

tensor components are similar in the flow direction and skin friction

coefficient, momentum thickness, boundary layer shape factor, and the

Clauser shape factor and pressure gradient parameter all become constant.

The thermal data indicate the possibility that such a layer, with wall

temperature constant, may approach a state of equilibrium in the thermal

sense, also. S~~h a state would be characterized by Stanton number be-

coming constant, enthalpy thickness approaching an asymptote, and tern-

perature profiles exhibiting similarity in the flow direction.

For fully rough turbulent flow, acceleration causes an increase in

Stanton number compared to zero pressure gradient values at the same en-

thalpy thickness, Reynolds number, or position. For the present range
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of accelerations, these increases were approximately ten and twenty per-

cent for the unblown and blown cases, respectively. Data for variable

test surface temperature cases show that nondimensionally equivalent

positive axial gradients of freestream velocity and temperature poten-

tial across the boundary layer have identical effects on Stanton number.

The fully rough Stanton number behavior observed in this study is con-

trary to that previously reported for unblown accelerated smooth wall

layers.

Acceleration of a fully rough layer decreases the normalized turbu-

lent kinetic energy and makes the turbulence field much less isotropic

in the inner region (for F equal zero) compared to zero pressure gra-

dient fully rough layers. The values of the Reynolds shear stress cor-

relation coefficients, however, are unaffected by acceleration or blowing

and are identical with values previously reported for zero pressure gra-

dient smooth and rough wall flows. Increasing values of roughness

Reynolds number with acceleration indicate that the fully rough layer

does not tend toward the transitionally rough or smooth wall state when

accelerated.

An integral prediction method is presented which successfully de-

scribes Stanton number behavior in a fully rough turbulent flow with

variable velocity, wall temperature, and blowing using only a kernel

function determined from zero pressure gradient flow with an unheated

starting length. - _
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CHAPTER 1 . Im’ROIJJCTION

Although turbulent flow has been a prime area of bot h theoretical and

experimental research for the past several decades, the present understanding

of the behavior and basic mechanisms of tubulence fields is rather tenuous,

at best. Experimental data on turbulent boundary layers is either very

limited or nonexistent for many classes of boundary conditions . With the

recent advent of more sophisticated prediction schemes and turbulence models ,

requirements for more detailed data on the turbulence field have increased .

Measurements of skin friction , Stanton number , and mean temperature and

• velocity fields no longer provide a sufficient data base from which turhu-

• lence behavior may be examined . Additional measurements of the turbulence

quantities (fluctuations, correlations) are required.

An experimental study of the effects of roughness on the fluid dynamics

and heat transfer in the turbulent boundary layer has been in progress at

Stanford for the past several years. Results of this investigation for zero

pressure gradient flows have been reported previously [1 ,2]. The present study

considers the effects of acceleration on a turbulent boundary layer in the

fully rough state. This subject was investigated not only because of its

J importance in the flow in nozzles and over turbine blades and reentry

vehicles , hut also to provide more information on the nature of turbulence

by observing the response of the turbulence field to the imposed perturba-

tions (roughness and acceleration) .

1
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1.1 Background

Discussions of the literature on turbulent flows over rough surfaces

have been presented previously by Healzer [1] and Pimenta [2] and will not

be repeated here. In this section a brief introduction on the effects of

roughness on a turbulent boundary layer will be made, fol lowed by br ief

• reviews of the zero pressure gradient results reported previously for the

present rough surfa ce, the results of accelerated smooth wa1l turbulent

boundary layer studies, and the few previous inve stigations of acce lerated

turbulent flow over rough surfaces.

The influence of surface roughness on turbulent flows is usually

divided into three regimes, which are characterized by the magnitude of

the “roughness Reynolds number,” Rek, where

k U
Rek = 

~~~~
-
~~

—-
~~

- (1.1)

The equivalent sand grain roughness parameter, k5, is a commonly used , single-

length-scale descriptor of rough surfaces determined by comparison with

Nikuradse’s [3] classic rough pipe flow experiments. For Rek < 5, the

roughness elements are contained entirely within the viscous sublayer and

the flow is termed “smoo th .” For 5 < Rek < 55-70 some of the elements

protrude through the sublayer, and the flow is called “transitionally rough”.

For Rek > 55-70 the viscous sublayer is effectively destroyed , and the flow

is termed “fu l ly rough” .

In general, skin friction coefficients and Stanton numbers are greater

in a turbulent boundary layer influenced by roughness than in a smooth wall

layer at the same Reynolds number. This causes larger temperature and

velocity defects through thc layer and hence thicker boundary layers, since

more freestream fluid is entrained .
2
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Experimental results for zero pressure gradient turbulent boundary

layers on the present rough surface were reported by Healzer [1] and

Pimenta [2 1.  Healzer constructed the present experimental apparatus and

reported Cf /2 and St data both with and without blowi ng for several veloci-

ties which included the transitionally rough and full y rough flow regimes.

He conf irmed that, for fully rough flow over the present surface, both Cf/2

and St were independent of Reynolds number, i.e.

/62 ‘Cf /2 = f~—~-- , F) (1.2)

st = g(~~ , F) (1.3)

Pimenta [2] reported results of an extensive investigation of the fluid

dynamics and heat transfer in both transitionally rough and fu lly rough zero

pressure gradient layers both with and without blowing. His observations on

the fully rough state inc luded :

(1) The effect of roughness on the turbulence field structure extends

over most of the layer.

(2) Blowing makes the layer behave as if the surface has physically

larger roughness elements.

(3) For very large enthalpy thicknesses, the Stanton number appears

to converge to an asymptotic value.

(4) Reynolds shear stress correlation coefficients are unchanged from

the value s repor ted for smoo th wall f lows .

The response of smooth wall boundary layers to acceleration is discussed

in the suninary report by Kays and Moffat [4]. Briefly, smooth wall layer
dIJ0,

accelera tions are character i zed by the acce leration parameter , K = -
~~~~ -s--.

_ _
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Above a certain value of K , the turbulent layer develops toward a state

resembling laminar flow . For a given Reynolds number , Stanton number

decreas es w ith increa sing K, and the profiles of u ’ 2/U~ are lowered with

accelera tion [5 ] . In a cons tant K flo w, the smooth wall turbulent boundary

layer reaches an asymptotic state where mean profiles are similar, Re6 and
2

Cf/Z are con stant, and boundary layer thickness decreases.

Previously published studies of the combined effects of acceleration

and roughness on the turbulent boundary layer have reported only values of

wal l heat flux . Resho tko , et al. [6], and Banerian and McKillop [7] invest-

igated nozzle wall flow s , while Chen [8] cited expe rimental results for flow

over hemispheres. No boundary layer information was obtained in any of

these studies.

1.2 Objectives

This investigation was undertaken to determine the effects of accelera-

tion on the fluid dynamics and heat transfer in the fully rough turbulent

boundary layer. Specific objectives were:

(1) To define and experimentally verify the conditions required for

equilibrium in the fully rough turbulent boundary layer with

pressure gradient and transpiration.

(2) To obtain a comprehensive fluid dynamic and thermal data set for

both equilibrium and nonequilibr ium accelera tions of the fully

rough turbulent boundary layer.

(3)  To examine the behavior of the mean and turbulenc e f ields in the

accelerated fully rough turbulent boundary layer .

(4) To investigate the effect of blowing on the equilibrium

accelerated layer .

4
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1 . 3 The Exper iment

A brief descript ion of the experimental apparatus and measurement

techniques will be given in this section. Additional information is provided

in Appendix I.

J The Stanford Roughness Rig (Figure 1-1) is a closed-loop wind tunnel

using au as both the primary and transpiration fluids . Air temperature is

controlled using water-cooled heat exchangers in both the primary and

transpiration loops. The eight-foot long, 20-inch wide test section is four

inches high at its entrance. A flexible plexiglass upper wall (constructed

in five sections connected by thin plexiglass joints) can be adjusted to

give the desired variation in U0,.

The test surface consists of 24 plates each four inches in the ax ial

direction . The plates (Figure 1-2) are 0.5 inch thick and uniformly porous .

They are constructed of 11 layers of 0.050-inch diameter Oxygen-Free High

Conductivity (OH-IC) copper spheres packed in the most dense array and

brazed together. This configuration produces a rough test surface which is

uniform and deterministic.

Each plate has individual electrical power and transpiration air controls

and thermocouples for determining plate temperature. Stanton number is

determined by subtracting the plate losses (known from energy balance

qualification tests) from the measured power input. Uncertainty of the St

data is wi thin ~ 0.0001 Stanton number units (i.e., if St = 0.00200, the

uncertainty is within ± 5%).

The Stanton number data reported here were taken with a wall-to-

fr ees tream temperature difference of approx imately 30°F to maiutain a

constant property boundary layer. Unless specifically stated otherwise,

all St data presented are for constant wall temperature . The frees tream

S
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velocity at the test section inlet was a nominal 88 ft/sec, and all data

were taken with a 1/2” wide, 1/32” high phenolic trip installed three inches

inside the nozzle exit. The turbulent boundary layer was in a fully rough

state for all cases reported.

Mean temperature profiles were measured with a 0.003-inch diameter,

butt-welded, Chromel-constantan thermocouple mounted in a traversing probe

holder. The design was similar to that of Blackwell [9].

All velocity measurements were made in an isothermal flow using

linearized, constant temperature hot-wire anemometry. Measurements of U

and u’2 were obtained using a horizontal wire , while measurements of

and ii~ 7’ were made with a rotatable, 45° slant wire.

The physical size of the Roughness Rig and the porosity of the plates

imposed limitations on the strengths of the accelerations which could be

investigated. The height of the tunnel (four inches at the nozzle exit)

limited both the length and severity of the acceleration region since

interference of the top wall boundary layer with that on the test surface

was carefully avoided. Also, since the plates were porous, the pressure

gradient in the axial. direction induced flow through the plates even with

the transpiration supply valves closed. An analysis and discussion of this

effect is presented in Appendix III. No effects of the induced transpiration

were apparent in the data. It was concluded that the quantitative effect of

the induced transpiration was negligible , certainly for the mildest and also

the blown acceleration runs, and that the qualitative trends in all the data

(and the conclus ions drawn from them) were unaffe cted .

6
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1. 4 General Organization

The general organ ization of the results presented in the following

chapters is described below . In Chapter 2 the concept of “equilibrium” in

turbulent boundary layers is discussed, and the requirements for establishing

equilibrium in the fully rough turbulent boundary layer with pressure

gradient and transpiration are developed. The experimental data are

presented in Chapter 3, and characteristics and trends are discussed. An

integrated discussion of the effects of acceleration on the fully rough

turbulent boundary layer is given in Chapter 4, and Chapter 5 contains the

conclusions of the study.

Additional information and tabular data listings are contained in

Appendices I - IV.

I
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Fi gure 1-2. Closeup Photograph of the Rough Test Surface
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CHAPTER 2

THE E(~J IL IBRI UM FULLY ROUGI - I TURBULIWT BOUNDARY
LAYER WITh PRESSU RE GRADIEI’ff AND TRANSPIRATION

The definition of conditions for which a turbulent boundary layer

becomes similar in the flow direction in some non-dimensio ial sense has been

a subject of interest for a number of years. Such similar behavior is

usually termed an “equilibrium” flow in the literature . The term

“equilibrium” flow is sometimes used in the sense of similarity of properly

normalized mean velocity profiles; however , truly equilibrium turbulent flow

exhibits similarity not only in mean profiles , but also in the turbulence

quantities themselves.

The analytical and experimental work in equilibrium layers has been

prompted in part by the desire to follow the systematic method of fixing as

many variables as possible in a given problem. This allows one to obtain a

better understanding of the sensitivity of the problem to the uncontrolled

variables. In the specific case addressed here, that of the fully rough

turbulent boundary layer, the approach described above is the logical one to

follow. If the behavior of the fully rough turbulent boundary layer

subjected to pressure gradient and transpiration can be examined in the

equilibrium case, one can then proceed to an examination of the more

realistic non-equilibrium cases with more confidence and understanding.

In this chapter the previous work in describing and establishing the

conditions for which equilibrium exists in turbulent boundary layers is

10 —
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discussed . Following this , an analysis of the fully rough layer is

presented . The analysis yields a definition of the proper acceleration

parameter for fully rough flows and a description of the conditions required

to establish equilibrium in the fully rough turbulent boundary layer with

pressure gradient and transpiration.

2.1 Previous Studies of Equilibrium Turbulent Boundary Layers

In 1950 Rotta [10] presented an examination of the conditions which

would yield a smooth wall turbulent boundary layer in which the velocity

prof i le is distorted only affinely in the flow direction . He termed such

f lows similar and showed that, neglecting the viscous wall region , the

equations describing the flow become ordinary differential equations if

Cf!2 = constant and U0, = axm , where a and m are constants. For a layer

where the friction coefficient is almost independent of x , similar solutions

exist which depend only on m and Cf/2, and the boundary layer thickness

increases linearly with x.

In 1954 Clauser [11] presented experimental verification of the existence

of similar turbulent boundary layer flows on smooth walls for two different

adverse pressure gradients. He termed such behavior “equi libr ium” and

defined it as the case where both

( 2. 1)

and

6’ dP
•1

were independent of x. In a later paper, Clauser [12] showed that the

correct choice of the length scale 6’ was the disp lacement thickness , so that

11 
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(2 .2)

It should be noted that Clauser’s definition of the shape parameter C is

identical with that presented earlier by Rotta [10 ,13]. Additional theoretical

treatments of equilibrium turbulent boundary layers were presented by

Townsend [14] and Coles [151 .

The most definitive work on equilibrium turbulent boundary layer flow

was presented by Rotta [16] in 1962. He showed that the conditions required

for exact equilibrium behavior (reduction of the equations of motion to an

ordinary differential equation) are :

Cf/2 
= constant

dc5 1 = constant (2.3)

and

dP
B = — = constant

Two flows obeying these constraints exactly were shown to be flow over a

smooth wall with U0, -. where x0 > x and flew over a uniformly rough

I x dli \
wall with IJ0, — exp 

~~~~~~ 
-j
~ J 

. Other variations of U0, were shown to either

require a given roughness variat ion with x or not to satisfy exactly the

conditions required above.

There are indications based on experimental rough wall studies that

exact equilibrium cases exist for conditions not corresponding to the

veloci ty and roughness criteria above. Perry , et al. [17], found that a

12
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zero pressure gradient turbulent boundary layer develop ing over a two-

dimensional cavity type roughness of constant height conformed to Rotta’s

condit ions for precise self-preserv ing flow. Pimenta [2] also found

indications in his work on zero pressure gradient flow over the rough surface

used in this study that the boundary layer was approaching such an equilibrium

state.

2.2 Condit ions for Equilibrium in the Fully Rough Thrhulent Boundary Layer
with Pressure Gradient and Transpiration

In order to determine the conditions for which equilibrium will be

obtained in the fully rough turbulent boundary layer with pressure gradient

and t ransp iration , consider the two-dimens onal momentum integral equation

Cf d6. 1 dli

T + F = -,~~~
- + 6 2 (2 + H) ü_ -~~ 

( 2.4)

where the variation of p0, with x has been neglected , as have the normal

Reynolds stresses. For the zero pressure gradient fully rough state, it

has been shown [1,2] that the skin friction is independent of Reynolds

number and can be functionally represented as

/ 6 2 ~Cf /2 = f ~~~~~~~~~ F) (2.5)

where r is a length scale characteristic of the roughness elements.

For the present deterministic rough wal l where height and distribution

are describable by a single length scale , r is taken as the radius of the

spheres comprising the surface. In the most general case, of course, one - -

length scale describing height and one describing distribution in addition

I _
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to a parameter describing roughness element form are necessary for the

— description of a rough surface. Most investigators in the past have used

the “equivalent sand grain roughness” scale, k5, determined by comparison

• with Nikuradse’s [3] classic pipe flow experiments, in order to obtain a

single length scale description of roughness.

One condition necessary for equilibrium is that Cf/2 be constant.

Additionally, cons ider only the case for constant F and assume that the

functional form of Equation (2.5) will remain valid for flows with pressure

gradient. Under these conditions , 62 is constant and Equation (2.4) becomes

6 dli
Cfi’2 + F = (2 + H) ~ ~~~~~~~ 

= constant (2.6)

Defining a pressure gradient parameter for fully rough flow as

dUL 0,

r t J ~~~r

where L is a length scale yet to be specified, Equation (2.6) can be

written as

(Cfl/2 + F)
Kr 

= (2 + H)(62/L) = constant (2 .8)

for an equilibrium condition.

The choice of the proper length scale L to use in (2.7) is not

I 
immediately obvious. One might use an integral scale of the flow (6, 6l~ 62)

or a roughness scale (r, k5). The roughness element radius, r, wil l be used

I in this development. A discussion of the arguments for this choice will be

deferred to a later section. Thus,

1 14
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K E t a ~~ (2.9)

For a fully rough flow with constant F and K~ , the layer could be

expected to exhibit an equilibrium state for which Cf/2, 62, H, and B are

all independent of x. This expectation has been experimentally verified in

the present investigation for positive Kr and F. For Kr < 0 (adverse

pressure gradients) Equation (2.8) indicates equilibrium flow is possible

only for F < 0 (suction) . Fully rough flows with Kr constant are equilibrium

flows in the strictest sense since all of the conditions of (2.3) are

satisfied.

The freestream velocity variation required for an equilibrium flow is

found by integration of Equation (2.9) with Kr = constant to be

U0, K (x-x )/r

~ 
= e r 0 (2.10)

where the subscript o indicates the position at which the velocity variation

begins. This agrees with Rotta’s [16] result, but from the development above

it is clear that fully rough flow is required for the velocity variation

(2.10) to give an equilibrium flow. For transitionally rough flow , Cf!2

is a function not only of 62/r and F, but also of U0,. Thus,a constant Kr
flow would not be an equilibrium flow for a transitionally rough turbulent

boundary layer.

For F and Kr constant, it can also be shown that

/ H \/C f/ 2+ F \B = - 

I~H + 2 )  k 
Cf~’2 ) (2.11)

and
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C f !2 = (II + 2) K ( 6 2/’r) - F (2.12)

The definition of Kr for fully rough flows is analogous to that of the

smooth wal l  acceleration parameter

• I K = - ~ .-d ~~ 
(2.13)

An accelerating turbulent flow on a smooth wall with K = constant yields a

boundary layer with Re,~ constant that is equilibrium in the sense that mean

‘~—elocity profiles become similar and 6 and B are cons tant . Such a flow is

not truly an equilibrium flow in the sense of equations (2.3) since

- constant. A comparison of the asylnptotic accelerated states for
0,

smooth wall and fully rough turbulent boundary layers is presented in

Table 2.1.

2.3 Choice of Length Scale in Acceleration Parameter Kr

The choice of the correct length scale to be used in the fully rough

acceleration parameter Kr is not obvious from the development in Section 
2.2.

A scale based on roughness size (r, k5) or a local scale of the boundary

* layer (6, 6i, 62) could be chosen. The near wall scale used in smooth wall

layers, ~~~~
— 

, should not be considered because the turbulence field of the

fully rough layer is independent of viscous effects, at least for regions

outside the roughness elements [2].

One requirement which should be imposed is that when Kr is constant , an

equilibrium condition should result. This requirement leads to the choice

of roughness size as the proposed scale. Define:

16 ii



- 
-.-—-- —- - - — - • --.---“ ----- --.—--- -- --- - ••  — -~~~~~~

dU
(2.9)

6 d U
K (2.14)

and

6 dU
K~ = 

~~~~~~~~~~~~~~~ 

(2.15)

for convenience in the discussion to follow . If the fully rough flow is in

an equilibrium state , 61 a~K1 62 are both constant and thus Kr~ K , and K~ are

all constant and meet the requirement above . However , consider a case where

a non-equilibrium acceleration is imposed on a surface of constant roughness.

It is possible , in principle , that an acceleration could be imposed such that
/ 1 dti0, \

the product ~~~~~~~~~ and 61 or 
~ 

would be constant. Thus, in principle ,

or K~ could be maintained constant in a non-equilibrium fully rough flow.

Therefore, it appears that a local scale of the layer is not suitable for

use in def ining Kr~
In choosing a roughness length scale for use in Kr~ 

one is assuming
/ dU\

that if r (or k5) is doubled, then 1,,~
j— -

~~~~~~~

) 

must be halved to achieve the

same effect for both the cases r = r1 and r = 2r1. Confirmation of this

behavior nust await further experimental work. However, it is obvious that

some wall scale effect must be included in K , otherwise the smooth wall

parameter , K, would adequately describe rough wall accelerations.

Since the equivalent sand grain roughness of the present rough surface

according to Schlichting [18] is 1.25 r, the convers ion of the Kr values

reported to values based on k5 is easily made if desired.

17
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Table 2.1

CCNPARI SON OF ASYMVIUF IC ACCELERATED STATES FOR ~4JOTh
AND FULLY ROUGH 11JRBLJLENT BOUNDARY LAYERS

Smooth Rough

dU dU
Acceleration Parameter K = —

~~~~ 
~~~~~~~~ 

Kr = d~ i

Re5 Constant Increases

Decreases Constant

i ~Kr (X - x0)/r
UJU0 , 0  KU0, 

e
1 - ~o (x - x0)

I H \ / C f /2 + F\ / H \ / C f!2 + F
B - I~H + 1)k Cf !2 ) - 

~H + z ) k  Cf !Z

6 (H + 1) dU 6
~ 

(H + 2) dU0,
Cf U0, U0,

I
Note: Subscript o indicates point where acceleration begins.

I
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Q-IAPTER 3

EXPERIMEWI’AL RESULTS

The experimental data obtained in this study will be presented in this

chapter and trends, similar ities , and comparisons will be noted and discussed

briefly. An integrated discussion and description of the effec ts of accelera-

~ion on the fully rough turbulent boundary layer will be presented in Chapter

4.

The experimental program covered five different cases:

(1) K = O  F = 0

I
(2) Kr = 0.15xl0 3 F = 0 (equilibrium)

(3) Kr = 0.29x10 3 F = 0 (equilibrium)

(4) Kr = 0.29xl0 3 F = 0.0039 (equilibrium)

(5) K = 0.28xl0 6 F = 0 (non-equilibrium)

J 
Case 1 was run as a baseline set and to compare the present data with those

of Pimenta [2] for identical conditions . Cases 2 , 3 , and 4 are equilibrium

acceleration runs for the fully rough turbulent boundary layer. In Case S
dli

the smooth wall acceleration parameter K = ~~~~ -
~~~~~~ was maintained constant.

I U
This represents a non-equilibrium run for the fully rough layer.

I In setting up each of the equilibrium runs, the value of Kr and the x-

position at which the acceleration was begun were matched with the ‘
~2’ 

H,

I
__ ••__ __
~ 

-— • • 
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and Cf!2 data taken at that position for Kr = 0 , using Equation (2.8) . Thus ,

the boundary layer entered the region of acceleration near the equilibrium

state for the Kr applied , and the length of the equilibrium flow established

was maxim ized.

Measurements included Stanton numbers and profiles of 1, U , i~~~~~~~, ~~~~~~~~~

~~~ 
~~~~~~~~~~~ These data allowed calculation of skin friction coefficient

Cf /Z , turbulent Prandtl number PrT, mixing length 9., and profiles of Q
4

~ 
and

i.  The profile measurements were obtained using two hot wires--one horizontal

and one rotatable 45° slant--and a butt-welded thermocouple probe similar in

design to that used by Blackwell [9]. Details of the measurements and

techniques used are presented in Appendix I.

In the following sections the Kr 
= 0 baseline data will be presented

first. The four cases with acceleration will then be described with

presentation of the data in the following order:

• Summary graphs for each case

• Integral quantities ( St, C~/2, 6, ~~~, etc.)

• Mean velocity and temperature profiles

• Reynolds stress tensor components

• Thrbulent Prandtl number and related quantities

The final section of this chapter will describe a Stanton number prediction

technique and some supplementary Stanton number data, including cases with

steps in wall temperature, variable wall temperature, and variable blowing

with acceleration .

3. 1 Zero Pressure Gradient Data

The data for zero pressure gradient were obtained both to provide a

baseline set of measurements taken using the same techniques used in

20
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acquiring the accelerated data and also to demonstrate the compatibility of

the data with the results of Pimenta [2] for the same conditions and test

surface .

Stanton number data are shown in Figure 3-1 for both F = 0 and 0.0039.

The data of Pimenta foi an untri pped layer are also plotted , and the
A

comparison between the two sets is excellent for large -~~~~ , being well

within the data uncertainty of ± 0.0001 Stanton number units .  The correla-

tion s proposed by Pimenta for interpolation of his data are also shown . These

cor re lations are:

/A ~-0.175
St = 0.00317 (,~

_
~-) (3.1)

A
for F = 0 and 4 < — ~~< 1 5  and

~OL = 

1.175 

(3.2)

for 0 < F < 0.0040 , where :

St0 is the Stanton number for F = 0 and the same A2

= F/St is the blowing parameter.

Figure 3-2 presents the skin friction coefficients obtained for F = 0

by Healzer [11, Pimenta [2], and the present author. Healzer differentiated

his momentum thickness measurements to obtain Cf/2, while Andersen’s [19]

shear stress method for skin friction determination was used in this study

and also by Pimenta. The results of Pimenta and the present author show

j good agreement, while the data of Healzer deviate slightly from the others

at the larger values of 62/r. The correlation of Pimenta for F = 0 and
621.0 < < 10.0
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Cf~
/2 = 0.00328 I~

_
~-) (3.3)

is also plotted.

All of the skin friction coefficients in this study were calculated

us ing

U~~Cf/ 2 = \~~ -~~vrj ~~u0,u~~F

~
(p ~~~ dY)~~ 

~] [~ ~~~ 

+ K
r]

(3.4)

~L 
dY]
[
~~~~~~~~~

+_ )iK ]

- U~~~~[!~~~~.d
Y] 

Uy U~~d~. [f U dY]

The derivation of (3.4) is straightforward. Briefly , the momentum

equation (incorporating the usual boundary layer assumptions but allowing

= p0,(x)) and the continuity equation are integrated from the surface to a

position y1 in the boundary layer. Then, measurement of success ive velocity

profiles in the x-direction and iPV’ at y = y1 for each x-position allows

calculation of Cf !2 versus x , using (3.4) . The position y1 was always 0.130”

in this study, since the rotatable slant hot wire used to measure u’v’ was

limited to y > 0.125”.

A typical velocity profile is plotted versus (y + Ay)/62 in Figure 3.3.

Since the normal coordinate y is referred to the tops of the spherical

22
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ele: ;icnt-~ co m p r i s i n g  the te~~t surfac e , the  “w a l l  sh i f t ” A~ g i ves the location

of the “appare n t ~a1 l”  for the mean velocity. This wall s h i f t  has been a

topic of much disc~i—s ion by prev i ous workers in roughness and will be

discus s ed in more detail later in this chapter . It is shown in the figure

that the present data folIo~’~ Schlichting ’s (18] expression for fully rough

1 
~~

= -
~
- in + 8.5 (3 .5)

Note that the value of k . used (0.()3l” j is determined from Schlichting ’s

tabulated values and rot by hack-fitting Equation (3.5). The smooth wall

“law of the wall” is also shown for reference.

‘leasurements of the three components of the turbulent kinetic energy

normalized by are shown in Figure 3-4 plotted versus y/ 6 . The present

measurements agree with those of Pimenta within the data uncertainty.

Comparison of the ful ly  rough data with the u ’ 2 data of Klebanoff [20] for

a smooth wall shows several important characteristics of full y rough flow

(which were noted by Pimenta [ 2 ] ) .  First , for fully rough flow the peak in

u ’2 is moved out from the wall , lowered, and spread over a greater portion

of the layer than is the case for smooth wail flows. Second, the effect of

the roughness is felt across practically the entire layer in the form of

increased turbulence energy. Blake [21] also observed this behavior in his

fully rough flow data. Thus, the assumption made by some authors [8,17] that

the effect of roughness is confined to the near wall reg ion is not valid for

the turbulent kinetic energy components. Pimenta showed that this effect

J 
was not due to the greater freestream turbulence (~~ 0.4%) in the present

t unnel as compared with that of Klehanoff (‘- 0 . 0 2 % ) .  F-Ic also showed that
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the use of U~ as a normalizing velocity did not collapse the smooth and

rough wall results, as was suggested by Hinze [22] based on the measurements

of Corrsin and Kistler [23] over 2 -D roughness elements.

3.2 Data with Acceleration

Suninary graphs for the four cases of accelerated flow investigated are

shown in Figures 3-5 through 3- 8. The purpose of these plots is to show

the variation of Kr and the integral quantities Cf/2, 62, and H which are

indicators of equilibrium flow according to the discussion in Chapter 2. The

Stanton number variation is also plotted to illustrate the integral behavior

of the thermal field. In each figure, ~e data are plotted versus distance

along the test section, x. In the discussion which follows , F = 0 unless

F specifically stated otherwise.

Data from the Kr = 0 .15 x l0~~ run are presented in Figure 3-5. This

run had the longest region of Kr constant (x = 44” to 88”), with the velocity

increasing from approximately 88 to 115 ft/sec. As seen in the figure, 62,

H and Cf!Z all become constant in the region of Kr constant, indicating that

equilibrium flow was established. Stanton numbers in the acceleration region

are about 10% larger than for the Kr = 0 case and appear to be approximately

constant within the data uncertainty. The behavior is different from that

observed for accelerated smooth wal l layers , where Stanton number is

unaffected for small K, then decreases in comparison to the unaccelerated

case at the same Reynolds number or same x-position as K increases [4,24,25,26].

Data for Kr 
= . 29 x are shown in Figure s 3-6 and 3-7 for F = 0

and F = 0.0039, respectively. In both these cases, Kr i s constant from

x = 24” to 52”, U~ increases from 88 to 129 ft/sec, and 
~2’ 

Cf/2, and H all

reach constant values in the acceleration region. Stanton number shows the

2: j
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1
same bchavior as seen in Figure 3-5 in the region of acceleration , then

decreases inunediateiy to the K
~ 

= 0 baseline data when the accelerat ion is

removed.

-6 -The sunnary data for the K = .28 x 10 , nonequilihrium case are

presented in Figure 3-8. The smooth wall acceleration parameter K is

constant from x = 24” to 52”, U~ increases from 88 to 150 ft/sec , and Kr
varies from .25 - .50 x l0~~ in this region. The shape parameter H

decreases along the entire test section, while increases as the layer is

entering the region of acceleration, then levels off and finally decreases.

This 
~2 

behavior is similar to that observed in the asymptotic accelerated

smooth wall layer [27 ,28]. Skin friction coefficient shows very little

variation, and appears to remain about constant. This is not surprising

considering the small variation of 
~2 

in the acceleration region . Stanton

number shows the same increase over Kr = 0 values observed in the equilibrium

cases and recovers immediately to unaccelerated baseline values when the

acceleration is removed.

It was noted above that Stanton number appears to be approximately

constant within the data uncertainty in regions of Kr constant. However,

it is impossible to reach a firm conclusion in this regard due to the

inherent uncertainty in the data and the relatively short regions of

acceleration. An argument that Stanton number for Kr > 0 varies as A 2
0
~~

75

(as in the Kr 
= 0 case) or some similar weak function of A2 could also be

supported by the present data.

If , for the sake of argument, one assumes that St is constant in a

region of constant Kr~ then the behavior of A2 in such a region can be

determined. The 2-D energy integral equation for F 0, constant properties,

( and constant wall to freestreazn temperature difference may be written as [29]
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= d~ 
— LA 2 (3.6)

If St and Kr are constant from a position x~ to x , then (3.6) can be

integrated to yield

S t r  
[ 

Stri -Kr (x-x )/r
A2 

= 
K 

+ 1A 2 
- —

~
-—— I e (3.7)

r ~~ c r j

Thus the enthalpy thickness will approach an asymptotic value (Stcr/Kr) if a

flow is established such that St and Kr are constant.

-3Equation (3.7) was evaluated for the Kr = .15 x 10 case assuming

xc = 58” and St~ = 0.00242 . The results are shown in Figure 3-9 and

compared with the enthalpy thicknesses computed from the mean velocity and

temperature profiles. The agreement between the measured values and

calculated values assuming St = constant is excellent, thus supporting the

observation that Stanton number, if not a constant, is at most a weakly

varying function of A2 in an equilibrium accelerated fully rough turbulent

boundary layer with constant wall temperature.

As shown in Figure 3-9, for the Kr = .15 x l0~~ run the approach of A2
to the indicated asymptotic value is very slow. In fact, A2 would reach 99%

of the asymptotic value only after (x-x
~
) 60 feet. Since cS

~ 
is constant

in the equilibrium case, the ratio A2/62 would therefore increase for an

appreciable distance.

3.2.1 Integral ~iantities

The Stanton number data in the accelerated region for the three

equ i librium runs are shown versus A 2/r in Figure 3-10 compared with

unaccelerated data for F = 0 and 0.0039 . The accelerated data increase
26 
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over the Kr = 0 data by -_ 10% for F = 0 and -. 20% for F = 0.0039. As

I discussed in the previous section, the Stanton number data ir. the constant

‘ 
Kr region can be argued to be either approaching a constant value or at the

very least to be a weaker function of enthalpy thickness than in the

I unaccelerated case .

Skin friction coefficients in the acceleration region are plotted

versus 62/r in Figure 3-11 and compared with the unaccelerated cases. The

Kr = 0 data for F = 0.0039 are from Pimenta’s study. For the three equili-

- brium cases, both Cf/2 arid 
~2 

are constant in the acceleration region and

thus only a single data point for each case appears in these coordinates.

In the unblown cases , it appears that acceleration causes a slight increase

(- 5%) in Cf/2 over the baseline data. It should be noted that this is

- 
within the uncertainty (— 10%) of the Cf!2 data, however. In the blown case

(F = 0.0039), the acceleration data point lies approximately 30% above

Pimenta ’s Kr = 0 data. In smooth wall flows acceleration also leads to an

increase in Cf!2 compared with zero pressure gradient values for the same

Reynolds number [27,28].

Figure 3-12 shows temperature and velocity boundary layer thicknesses

J (A and 6, respectively) for the five cases investigated. No temperature

profiles were taken in the present study for Kr = 0 , so A is not shown for
l the baseline case . In the three equilibrium accelerated cases , the rate of

growth of both 15 and A decreases in the acceleration region. From the

equilibrium conditions developed earlier for the fluid dynamics, one would

expect 6 to eventually assume a constant value for Kr 
= constant, and it

I 
does appear from Figure 3-12 that 6 is approaching an asymptote in the region

of Kr constant. After the acceleration is removed in the two Kr 0.29 x

I runs, the boundary layer thicknesses A and 6 resume a rate of increase with x

similar to that observed for the Kr = 0 case. The data for the nonequilibrium

I 27
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K = .28 x io -6 run exhibit behavior similar to that observed in smooth wall

accelerated flows [24 ,25,27 ,28]. Both 6 and A begin to decrease near the

end of the acceleration region. In all four acceleration cases , the

temperature boundary layer thickness A is greater than 6 for all x , but the

two thicknesses show the same trends in the acceleration and recovery regions .

A comparison of enthalpy thicknesses obtained from integration of

temperature and velocity profiles and from integration of the constant property

energy integral equation in the form

St + F = 
UCO CTW~

T
~O O  ~~ IA 2 (J~ (T

~
-Tco o)J (3.8)

using measured Stanton numbers is shown in Figure 3-13 for the four acceler-

ation cases. Reasonable agreement is found between the two methods , with

the maximum discrepancy being about 10%. The behavior of A2 is similar to

that observed for A in Figure 3-12.

Figure 3-14 presents the variation of roughness Reynolds number with x

for all five cases, where

F 
Rek = 

ks UT (3.9)

and k5 was taken as 0.031”, as noted previously, for the present surface.

The roughness Reynolds number increases with acceleration since U~ (=V’Cf /2 U ,,)

increases and -
~~~

- remains constant.

These results have important implications. The utility of the roughness

Reynolds number lies in its magnitude relative to the viscous sublayer

thickness. Following the traditional argument, for Rek < 5 , the roughness

elements do not penetrate the sublayer and the flow retains its smooth wall

28
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characteristics. For 5 < Re~ < 55 to 70 (depending on the data and/or

author) the flow is “t ransi t ional l y” rough , and for Re k 55 to 70 the flow

is ful ly  rough. These ranges are all for F = 0. Since Rek inc reases in the

accele ration reg ion , the roughness elements protrude further out into the

layer (in a nondimensional sense) in this region . There is no viscous

sublayer present in the fully rough layer, so the increase in Rek with

acceleration can be viewed as making it more difficult for a viscous sublayer

to form.

This observation is important when one considers the behavior of

accelerated smooth wall flow. Kays and Moffat [4] note that experimental

evidence indicates acceleration of a smooth wall turbulent boundary layer

causes an increase in the viscous sublayer thickness. Also , it is well known

from the results of many investigations that acceleration of a smooth wall

turbulent layer causes the layer to develop toward a state resembling laminar

flow . Consideration of these smooth wall accelerated flow characteristics

might lead one to expect a fully rough turbulent boundary layer subjected to

a favorable pressure gradient to develop first transitionally rough , then

finally smooth wall characteristics. The presen t results indicate that this

is not the case. To the contrary, acceleration makes a fully rough f low

appear “rougher” in the sense that the roughness elements protrude further ,

rtondimensionally, into the turbulent layer.

3.2.2 Mean Velocity and Temperature Profiles

Figures 3-15 through 3-18 present mean velocity profiles for the

four acceleration runs plotted as 1J/~~ versus y/&,. In these and subsequent

figures , Xa denotes the x posi t ion at wh ich the relevant acceleration para-

meter ( K r or K) becomes constant.
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In the graphs for the three equilibrium runs (3-15 through 3-17) the

profiles are similar, as expected, after the layer is a sufficient distance

into the acceleration region. The similarity extends down to the first

point from the surface (y = 0.006”). The nonequilibrium data (Figure 3-18)

do not exhibit similarity .

Figures 3-19 and 3-20 present profiles from the Kr = 0.15 x 1O~~ and

unblown Kr = 0.29 x l0~~ cases , respectively , plotted as U/ U 1 vs (y + Ay)/6 2 .

The smooth wall “law of the wall” and Schlichting ’s [18] expression for

fully rough flow (Equation 3.5) are also shown for comparison . As noted

previously in this chapter, the wall shift Ay locates the apparent or virtual

location of the surface below the tops of the roughness elements.

The wall shift was determined by the same technique used by Piinenta [2],

i.e., the method suggested by Monin and Yaglom [30]. Briefly, if it is

assumed that a logarithmic law of the wall region exists in the velocity

prof ile , it can be shown that

~~~

_ =  
~ in (’~~~~

) 
(3.10)

where

K = Karman constant (~ 0.41)

z = constant

iAy = constant

The proper wall shifts were determined using a form of (3.10) - Ay was varied

until a value was determined for which z was constant.
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It was found that Ay = 0.006” for all the profiles in the present

unblown data. Since this is the same value found by Pimenta for his zero

pressure gradient data, it can be conc luded that , for the Kr range of this

study, Ay is unaffected by favorable pressure gradients and does not vary

with x. This result is quite different than that reported by Perry, et al.

117], who investigated turbulent boundary layer flow over 2-U roughness

elements for both zero and adverse pressure gradients. They found that Ay

varied with x , and in fact, was actually larger than the roughness height

under some adverse pressure gradient conditions .

Comparison of the present profiles with Schlichting ’s expression shows

that the constant would have to be increased from 8.5 to approximately 9.1

to match the accelerated data. The reason for this shift is not known. The

decrease in the value of AU/li between the smooth wall law of the wall and

the present data when acceleration is imposed should not, in the author ’s

opinion , be taken as an indication the flow is tending toward the transi-

tionally rough state. The u’2 profiles to be presented later in this chapter

exhibit none of the transitionally rough characteristics described by

Pimenta [2] for this surface. In addition , the increase of Rek in the

acceleration region indicates a trend away from , rather than toward the

transitionally rough state (see Section 3.2.1).

A comparison between the blown and unblown velocity prof iles for

Kr = 0.29 x l0~~ is presented in Figure 3-21. The behavior is as expected

the injection of low momentum fluid at the wall lowers the mean velocity
I

compared to the unbiown case. :

Temperature prof iles for the three equili brium acceleration cases

are plotted in Figures 3-22 through 3-24 in (T
~

-T)/ (T
~
-T,,,) vs y/A 2

coord inates. Similari ty of the profiles is observed in all cases and

~~~~~~~ 
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extend s to the closest data point from the surface (y = 0.013”). Temperature

profiles for the K = 0.28 x l0 6 non-equilibrium run are shown in Figure 3-25.

The apparent similarity observed here is surprising but can be explained by

reference to the behavior of the thermal boundary layer thickness A and

enthalpy thickness A2 for this case shown in Figures 3-12 and 3-13, respec-

tively. Both A and A2 vary little in the acceleration region - they appear

to be approaching maxima, and a decrease is actually observed in the data

for A at the end of the acceleration region. Thus the combination of

approximately constant A and A 2 and approximately constant Stanton number

(Figure 3-8) in the region of acceleration leads to similarity in the

temperature profiles. This similarity would probably not be maintained if

the region of K constant were extended.
-3

Temperature profiles for the Kr 
= 0.15 x 10 run are plotted in

Figure 3-26 in (T
~~

T) / (T
~

-Tc,,) versus U/Ut,, coordinates. Pimenta [2] found

these coordinates useful since Kr = 0 data are linear when plotted in this

manner. The present profile at x 34” (prior to the acceleration region)

exhibits this linearity. The two profiles in the acceleration region ,

however, are not linear and do not exhibit similarity in these coordinates.

It should be noted that the accelerated profiles, if extrapolated to U/UQ~ = 0,

still show the temperature “jump” condition discussed by Pimenta, indicating

that the apparent wall position is different for the temperature and velocity

fields.

A comparison of the blown and unblown temperature profiles for

Kr = .29 x l0~~ is shown in Figure 3-27. The results are as expected, with

the injection of fluid at the wall temperature resulting in higher tempera-

tures in the near wall reg ion . 
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3. 2. 3 Reynolds Stress Tensor Components

The behavior of the turbulence quantities will he examined in

this section. IXie to the physical limitations of the apparatus, only in

the Kr = 0.15 x l0~~ run was an acceleration region of sufficient length

established to investigate the similarity of the turbulence quantities in

the flow direction. The data from this run will form the primary basis for

the discussion of the effects of acceleration on the turbulence field . Data

from the other runs will be presented as additional support for the points

presented; however, a direct comparison of the exact magnitudes between the

data of different accelerations is not particularly meaningful due to the

variation in the values of (X
~

X a)/6 at which the profiles of the different

runs were taken.

In the following discussion , the similarity of turbulence profiles in

the flow direction is examined first . Comparisons are then made between the

acceleration profiles and those for K
~ 

= 0 , and finally a comparison of the

Reynolds shear stress correlation coefficients for the different runs is

presented. A comparison of correla t ion coefficients between the different

acceleration runs is valid due to the demonstrated insensitivity of the

coefficients to the boundary conditions imposed .

Figure 3-28 presents, for Kr = 0.15 x 10 ~~~
, the three components of the

turbulent kinetic energy nondimensionalized by U~, and plotted versus y/52
for (X

~
Xa) = 22 and 42 inches. Excellent similarity is observed in the u ’

component , and the agreement in the v’ and w’ components is within the

uncertainty of the data ( 10%). The Reynolds stress profiles at the two

positions are compared in Fi gure 3-29. The difference between the two

profiles is on the order of the data uncertainty. The results shown in

Figure 3-28 and 3-29 demonstrate that a state of similarity is being

33
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approached by the turbulence quantities , with the data indicating that ii~ 7~

possibly requires a greater distance to become truly similar than do the

other quantities .

Profiles of u’2/U~ versus y/5 are shown in Figure 3-30 for the Kr = 0

and .15 x l0~~ cases . The decrease in longitudinal turbulence intensity with

acceleration is quite evident and similar to the behavior observed with

accelerated smooth wall flows [5]. When the profiles in Figure 3-30 are

compared with the same two profiles in Figure 3-31 (where the data are

normalized by Ui), one observes that the peaks in u’2 nearly coincide when

~ scaling is used but are displaced in level if U~ scaling is used. This

near-coincidence of the peaks when normalized by provides a convenient

reference level when comparing the profiles, and all fluctuation data to

follow are presented in this form.

The three components of the turbulent kinetic energy for the Kr 
= 0 and

0.15 x ~~~ cases are compared in Figure 3-31 as iSf7u~ versus v~S. As stated

above, the level of the u ’ component in these coordinates is changed very

l ittle by acceleration for y/6 < 0.1. The v’ and w ’ components are sub-

stantially lower than the Kr 
= 0 data in the region y/cS 0.1, while in the

outer region (y/ä � 0.2) all three components are lowered on the order of 40%

compared to the Kr 
= 0 values. Thus, when compared with the unaccelerated

data, acce leration decreases the level of turbulent kinetic energy over the

entire layer and makes the turbulence structure much more anisotropic in the

inner region. Unfortunately, no measurements of the v’ and w’ components in

a smooth wall accelerated layer are known to the author , so no comparison of

rough and smooth wal l behavior with acceleration is possible.

Consideration of the turbulent kinetic energy equation and the

equations for the energies in the three components allows some insight into

34 
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the behavior observed in Figure 3-31. The time averaged turbulent kinetic

I energy equation for stationary flow and no body forces can be written as

[30,31]

~ (E U. + p u’u!u’ + - 
~~~~ =i 2 j ji  i

i

~U.
- p a~~. •~~_~~~- - p ~~ii (3.11)

where E = ~~~p u ~u~~=~~~p q 2

and

/ ~u ! au!
I = p v I — 1 + __J-
1 iJ t ax . ~x .i

The terms on the left side of (3.11) are, respectively, the spatial

J transfer of E by the mean motion, by the turbulence fluctuations, by the

“pressure diffusion” , and by the viscous shear stresses of the turbulence

I field . The terms on the right hand side are the dissipation of B by

I molecular viscosity and the production of B by the interaction of the

Reynolds stress tensor with the mean velocity gradients.

I The equations [30] for the three components of B c3ntain terms similar

to those in (3.11) and, in add ition , the terms p’ 
~~~~~~

-, p ’ ~~~~-, and p ’

I appear on the right hand side of the u’2, v’2, and equations, respec-

I tively. Since these three additional terms sum to zero by continuity , they

do not appear in the equation for the total turbulent kinetic energy . Thus

I 
these pressure fluctuation-turbulence field interaction terms transfer energy

i
-

L 

-
- --S - - -- - --5—- .5— -- - --=~~~~~~~~

- -S S-S- — - ~~~~~~~~~~ S. - ~~~~~~~~~~~~~ ~~~~~~ - -  ----.S-~~~~~~~ — -S--~~ - - - ~~~~~~~~~~ -



-~~~~~ —

among the components of E, but play no direct role in the spatial transfer

of turbulence energy .

In the flows of this investigation, all the terms of the production
_ _ 5~~ 

~lJ •
uu~ ~~~~~~~~ are negligible except (see Section 3.2.4). Therefore the

entire turbulent kinetic energy production goes into the u’ component of B,

and the and w’2 components receive energy only through the pressure

fluctuation -turbulence field interaction terms described above. Since the

effect of acceleration is to make the fully rough layer much more anisotropic

in the inner region, acceleration must decrease the sum of the pressure

fluctuation transfer (source) and dissipation (sink) terms in the and

equations. This argument can be carried further only if one assumes the

dissipatIon is affected only slightly by acceleration--under this assumption,

it would have to be true that the correlations between p’ and -
~~~~~

_
, ~j~- are

decreased signif icantly by acceleration.

Profiles for the components of q2 are presented in Figures 3-32 and 3-33

for the Kr = 0.29 x l0~~, F = 0, and K = 0.28 x l0 6 cases , respectively.

The behavior observed in each case is similar to that already shown in

Figure 3-31 for the Kr 
= 0.15 x data.

The effects of acceleration on the components of q2 in a fully rough

layer with blowing are shown in Figure 3-34. The data points are for the

Kr = 0.29 x l0~~, F 
= 0.0039 case of the present study, while the solid

lines for Kr = 0, F = 0.0039 are from Pimenta [2]. Contpai son of the two

sets of data yields several important points. First acceleration decreases

all components of q2 in the outer region much as it does in the unbiown

layers . However , the behavior in the inner region is quite different from

that in the unblown cases. The degree of anisotropy in the accelerated data

is about the same at y/cS 0.2 as in the zero pressure gradient data.
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Unfortunately, the probe size restrictions prevented acquisition of v ’ and

w’ data for y/~ < 0.1 and the trends inside this region are undetermined.

In the unblown cases, the general shapes of the profiles with and

without acceleration were similar. However , in Figure 3-34 one sees that in

the blown layer acceleration alters the basic shape of the profiles . The

curvature of the profile in the outer region is completely changed, and

the peaks in the v ’2 and w ’2 profiles for Kr = 0 are suppressed. In fact,

the profiles from the blown accelerated layer look much more like the

unblown Kr = 0 profiles than the profiles from the blown Kr = 0 case. This

can he seen in Figure 3-35 where the u ’2 component is shown.

The Reynolds shear stress nondimensionalized by U~ is shown in Figure

3-36 for the Kr = 0 and 0.15 x l0~~ cases. The behavior of ~iiVr with

acceleration is similar to that calculated for the smooth wall accelerated

layer [25]. No measurements of this term in the smooth wall accelerated

layer have been published to the knowledge of the author. The observed

decrease in -ü~V7U~ with acceleration would lead one to expect a probable

decrease in the production of turbulent kinetic energy with acceleration (in

a nondimensional sense) . This point will be expanded in the following

section.

Figure 3-37 presents the measured correlation coefficients Ruv and Rq2

where

= - .,i:;-:;.~
-— 11J

~ 
(3.12)

and

Rq2 
= - ~jT~T/q

2 (3.13)
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The measured values for all four acceleration cases are in excellent agree-

ment with those (Ruv 0.45, Rq2 0.15) reported for both smooth wall

layers [32,33,34] and zero pressure gradient rough wall layers [2]. It thus

appears that the relationship between the Reynolds shear stress and the

diagonal components of the tensor is truly universal and independent of

boundary conditions.

Since the turbulent shear and turbulent kinetic energy are primarily

generated during periods of bursting [35,36,37], it is logical to propose

that the universal values of Ruv and Rq2 observed result from a universal

attribute of the bursting and decay process itself. Grass [38], who reported

results of a hydrogen bubble technique investigation of a turbulent water

channel flow over a pebble-type rough surface, observed that the bursting

process appeared more vigorous in the fully rough than the smooth wall case.

The inrushing fluid interacted with the fluid among the roughness elements

(which is more energetic than that in the viscous sublayer on a smooth wall),

arid in the ejection phase of the process the fluid moved almost vertically

upward. These results are consistent with Pimenta’s results of higher

turbulence energy throughout the layer in the fully rough state. Thus, the

levels of shear stress and energy are influenced by the vigor of the bursting

process and, by extension, the boundary conditions. However , it appears from

all the data available that in any flow where the level of turbulence is

generated and maintained by the bursting process, the relationship between

the components of the Reynolds stress tensor is fixed by some basic attribute

of the bursting and decay mechanisms and is independent of boundary conditions.

1
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3.2.4 Turbulent Prandtl Number and Related Quantities

The results discussed in this section were obtained from calcu-

lations using St, Cf/2, U, and T data and the energy , momentum , and continuity

equations integrated to a position y1 in the boundary layer. These

integrations yield

= Tw + p U U F  + (
~ ~~~ 

+ 
2PU~ K

r) 1(il ~ U~~
2 

dY) 
-

(U ~~~~~~+~~~~~~K )  (uf g~
- d~

)
(3.14)
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[ [ ‘ (
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)

for the shear stress distribution and
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for the heat flux distribution. Since the fluid dynamics data were taken

under isothermal conditions , Equation (3.14) assumes p = p
00

(x ) ,  while

Equation (3.15) retains p = p(x ,y) . (Although these variations were

included in the analysis , numerically they were insignif icant in all cases .)

The shear stress and heat flux contain both turbulent and laminar

contributions and may be written as

T = ~p ü T~~T + p v  .~!L (3.16)

and

= pCv ’t’ - k~~ (3.17)

If the turbulent contributions are modeled using eddy diffusivities for

momentum and heat, Equations (3.16) and (3.17) become

T = 
~ ~ m + v) (3.18)

and 
~~
“ = - ~ C~ (CH + c~) .~I (3.19)

where - = C (3.20)

and ~~
V t = C

H~~~~ 
(3.21)
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Alternatively, if the turbulent shear stress is modeled using the

mixing length approach , a mixing length 2~ may be defined as

C = 252 

~-~j (3.22)

or , using Equation (3.20)

£ = ~~~~~~ / ~j (3.23)

The turbulent Prandtl number is defined as the ratio of the eddy

diffusivities for momentum and heat:

PrT = C / C
U 

(3.24)

In order to demonstrate the consistency of the PrT results calculated using

the method outlined above with the PrT data obtained by Pimenta [2] from

measurements of iPV~, ~ F, and dTJdU, values of PrT were calculated using

the present method for the unaccelerated , unblown U
00 

= 89 ft/sec case

reported by Pimenta . Results of this calculation are compared in Figure 3-38

with the measured values of PrT reported by Pimenta. The two methods give

results which agree well in the inner region. The calculated data are very

uncertain in the outer region where and approach zero since the

uncertainty in the numerical calculations of the derivat ives approaches

infinity as y ó. Pimenta avoided this increase in uncertainty by calcu-

lating dT/dU from the linear (T
~
-T)/(T

~
-T

00
) vs. U/U,,, plots discussed

previously.

41
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Calculated values of 1
~T 

for the four acceleration cases of this study

are presented in Figure 3-39. Also shown are the bounds on the smooth wall

acceleration data reported by Kearney for K ~ 2.5 x 10
6 and the calculated

data for Pinienta’s Kr = 0 case. The rough wall data lie at the lower edge

of the smooth wall data range. It appears from the present data that the

use of a constant PrT 
= 0.7 - 0.8 would be a reasonable assumption in a

prediction method modeling accelerated flow over the present rough surface.

Compar ison of the present data with those of Pimenta indicates that for fully

rough flow the turbulent Prandtl number is decreased slightly by acceleration.

Mixing lengths calculated using Equation (3.23) are presented in Figure

3-40. In the determination of 25, values of i~V~ calculated from Equations
(3.14) and (3.16) were used since comparison with the measured values showed

agreement within a few percent and the calculations yielded values of iI’V’

closer to the surface than were possible to obtain with the probes. The

plot shows that in the inner region £/(y+Ay) is slightly lower than the

unaccelerated values of 0.40 - 0 . 41 found by Pimenta. The behavior of 25/6

in the outer region is in agreement with that observed by Pimenta for Kr = 0.

Calculations of the nondimensional shear stress , T , and nond imensional

heat flux, Q~~ , are presented in Figure 3-41 for the Kr = 0.29 x 10’~~, F = 0

and 0.0039 runs. The trends observed are similar to those for smocth wall

accelerated flows [25], indicating that the effect of roughness on these

nondimensional distributions is small. The turbulent contributions to

and Q~~ 
are also shown (denoted with the subscript T). Comparison of the

total values with the turbulent ones shows that the laminar contribution to

both shear stress and heat flux was extremely smal l throughout the region of

measurement . 
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Also plotted in Figure 3-41 are Couette flow approximations calculated

using

. 
Fq”

= + TU + ~~~ (1 - 

“wi (3.25)

and

I dp 2pU 2

T
C 

= T
w 

+ F0U ,,U - ~ ~~~ ~~~~~~~ 
+ 

00 

K
r) 

(3.26)

The expression for is the one normally found by assuming all 
~~~~~ 

terms to be

zero. However , in Equation (3.26) for ‘tc only the first two terms on the

right hand side are the ones normally retained for the Couette flow approxi-

mation. The additional term can be viewed as a correction term for the

effects of the pressure gradient. Thus the expression for T
c 
might be more

accurately labeled a “near-wa ll” approximation rather than a Couette flow

approximation. In any case, it can be observed from the figure that

Equations (3.25) and (3.26) provide accurate representations of the

behavior of T and Q
” in the region very near the wall.

Values of v ’f ~ for the two unblown equilibrium runs calculated from

Equations (3.15) and (3.17) are shown in Figure 3-42 as ~~T’7UTTTvs y/6.

Comparison of these values with the unaccelerated data measured by Pimenta [2]

and Orlando [34] on rough and smooth walls, respectively , indicates that the

distr ibution of 
~~~
f1/U

T
T
T 

is independent of acceleration and surf ace cond i-

tion , at least within the ranges of the data available.

Figure 3-43 shows results of calculation of the turbulent kinetic energy

production for Pimenta ’s [2] zero pressure grad ient data and the present

Kr 
= 0.15 x l0~~ data. From Equation (3.11) , the production term can be

written (using the standard boundary layer assumptions) as
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(3 .27)

The second and third terms are normally neglected in zero pressure gradient

flows. In the calculations presented in Figure 3-43, the last term in

Equation (3.27) was neglected since measurements of u ’2 were made much

closer to the wall than those of v’2. Thus the results shown present an

upper bound on the effect of the pressure gradient through the ~~~~~
- terms.

In a boundary layer subjected to a favorable pressure gradient, the

second term in (3.27) is negative and thus appears as a sink for turbulent

kinetic energy. Hinze [22] notes that one should expect a decrease in q2

as a result . Such a decrease in turbulence energy was noted in the present

accelerated data (see Figure 3-31 , for example) .  However , the results shown

in Figure 3-43 indicate that for the present data the production is decreased

with acceleration primarily because of changes in the distributions of

-i1i’V~ and ~~~~~~, while the sink term remains of negligible magnitude.

3.3 Heat Transfer Predictions and Supplementary St Data

The Stanton number data discussed in previous sections were all for

constant F, constant T
~ 
boundary conditions. In the period following the

investigation reported by Pimenta [2] and in the course of the present study,

additional St cases were run for conditions of variable of Tw and F . A

prediction method for rough wall heat transfer with variable velocity, wal l

temperature and blowing was developed using these data . In this section ,

the prediction method is descr ibed and some typica l comparisons of data and

predictions are presented. Additiona l cases of St with variable boundary . 
-

conditions, not presented in the Figures , are tabulated in ~ppend ix IV.
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For smooth walls the variable wall temperature case was dealt with by

— Reynolds , et al. [39], using superpositioa based on a kernel function

describing the downstream effects of a step change in wall temperature .

Whitten [40] extended this to include variable blowing and Orlando [34] used

this same method for variable wall temperatures in adverse pressure gradients. 
—

However , Orlando found that smooth wall Stanton numbers were not affected by

the adverse pressure gradients investigated when presented in enthalpy

thickness coordinates.

It was shown by Healzer [1] and Pimenta [2] over a range of free

stream velocities that for a fu lly rough turbulent boundary layer flow on

the present surface, with constant U
00
, I~ and F

St = f(A2/r ,F) (3.28)

I from which it follows that

1 ~2 = f(x/r ,F) (3.29)

where r is the radius of the spheres comprising the test surface. Thus there

is a unique curve of St vs x/r for each value of F , so long as both U
00 
and

are uniform . The present data for constant U
00 

and t~T confirm this , being

well represented by the interpolation expression

I log10 St0 = A + B log10(x/r)  + C log~0 (x/r) (3.30)

I
where

1 
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A = -1.36 + 48.2 F

B = -0.6 1 - 57.4 F

C = 0.0675 + 3.69 F

for 0 � F ~ 0.004. Figure 3-44 shows the St0 data and interpolation curves

from Equation (3.30) for three values of F. The F 0.002 data are from

Pimenta ’s [2] study and were untripped , while the data for F = 0 and 0.0039

are from the present study which did use a boundary layer trip.

Now consider the case of an unheated starting length with constant F

and U~,. Reynolds, et al. [39], showed that for turbulent flow over a

smooth wall with F = 0 the Stanton number downstream of a step increase in

wall temperature could be predicted by

n
= ~l - (Q)mJ x > 25 (3.31)

where 25 is the x-position of the temperature step , m = 9/10 and n = -1/9.

This expression was then used as the kernel function in a superposition

integral for predictions with arbitrarily varying AT, as follows:

= 

~~ ~! t~ - (
~)j 

d A ~~~~~~) 1  d~ (3.32)

A kerne l function of the same type can be developed for the present

rough wall unheated starting length results , and the data are well represented

using m = 1 and n = -0.22. Thus, for fully rough turbulent flow with unheated

starting length and U
00
, F and AT constant

St -0.22
= i - (

~
)j x > 25 (3.33)

Li 
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where St0 is evaluated at the same F and x as Sty. Figure 3-45 shows the

unheated starting length St data and curves evaluated using Equation (3-33)

for two cases with F = 0 and one case with F 0.0039.

As shown previously , for a fully rough turbulent boundary layer a

positive value of dU~,/dx gives a higher Stanton number than the constant

velocity case at the same x or A2. Thus, the response of Stanton number to

positive dU,,/dx is the same as to positive values of dT
~
Jdx . Also, consider-

ation of the energy integral equation (with constant properties) in the form

St + F = 

~~~~~~ 
(A 2IJ00

AT) (3.34)

shows that the var iables U
00 

and AT always appear in the product form as

(U
00
AT). (Of course, Equation 3.34 is a conservation equation obeyed by both

smooth and rough wall flows. The different response of smooth and fully

rough layers to positive dUjdx is evidently related to the effect of the

viscous sublayer present in smooth wall layers on the rate equations.)

These observations lead to the following proposed prediction method for I -

cases of var iable U
00
, AT and F in a fully rough flow:

= (U~AT)~ f  (l-~/x) 22 ~~ [U~~~) AT (~)] d~ x >  ~ (3.35)

where St0 is evaluated at the same x and F as Sty. The predictions which

follow were obtained by numerically integrating Equation (3.35) . For these

j calculations, the integral was expanded to a sum of two integrals and the

dU
00(~) term was approximated by assuming a l inear variation of U

00 
with ~

across each integration step.

Tt was found that Equation (3.35) worked well except in cases where

there were steps in F. Obviously, St cannot change instantaneously after a

1
—
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step ; therefore , modification of the method is required to account for the

“lag” in St after such a step. A simple and satisfactory approach is to

define a new St0 which is modified by the kernel function, giving

St~ St -~~~~ ASt0 [1 -(1 - ~~)

0
22I 

x > (3.36)

where St0. = St0(94) 
- St0(25~) and is the position of the ith step. Thus, —

when there are steps in F , use of St~ in place of St0 in Equation (3.35)

accounts for the “lag” in St caused by the step.

Figure 3-46 presents data and predictions for constant F = 0 and a

bilinear variation of wall temperature; Figure 3-47 shows cases for the

K = .28 x io 6 nonequilibr ium run both with and without unheated starting

length; and in Figure 3-48 data and predictions for an unblown, Kr = .50 x 10~~

equilibrium run are presented. In all three figures the agreement between

the data and predictions is very good.

Figures 3-49 and 3-50 present data from two cases designed to provide a

test of any prediction method proposing to calculate heat transfer in the

fully rough turbulent boundary layer. The flow is accelerated arbitrarily

and subjected to a step in F , fol lowed by a var iable F and then a step back

to F = 0. Figure 3-49 presents the AT constant case, while Figure 3-50

shows results when a step in AT is imposed in the reg ion of variable F. In

both figures the dashed line is the prediction using Equation (3.35), while

the solid line shows the prediction including the modification for the steps - -

in F (Equation (3.36)). It is evident that the lag introduced by the steps

in F must be taken into account, but once this is done the present predic -

tions are in excellent agreement with the data. 
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in Flow Direction (Kr = 0.15 x l0~~)
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Figure 3-16 . Mean Velocity Profiles Illustrating Similarity
in Flow Di rection (K r = 0.29 x l0~~, F = 0)
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Figure 3-23. Nondimensional Mean Temperature Profiles Illustrating
Similarity in Flow Direction (Kr 

= 0.29 x l0~~, F = 0)
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Figure 3- 24. Nondimens ional Mean Temperature Profiles Illus t rating
Similarity in Flow Direction (K r = 0.29 x ~~~~ F = 0.0039)
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CHAPTER 4

EFFECTS OF ACCELERATION ON ThE FULLY RCUGH 1URBULENT BCtJNDARY LAYER

In the previous chapter the various sets of data taken in this study

were presented and some details of the boundary layer behavior indicated by

the data were discussed. A more general, integrated discussion of the

effects of acceleration on the fully rough turbulent boundary layer is

presented in this chapter.

In smooth wall turbulent boundary layers , a viscous sublayer develops

which, in a sense, provides a “buffer” between the surface and the more

energetic turbulent fluid in the outer portion of the layer . For flow on a

I rough surface, once the boundary layer is in the fully rough state the

viscous sublayer has been effectively destroyed, at least above the crests

of the roughness elements. The outer flow, therefore, interacts with near-

wall fluid of higher momentum, energy and vorticity than in the smooth wall

I case. Thus, the fully rough flow near the wall is characterized by shorter

t ime scales and larger velocity scales than for a smooth wall flow and is

unaffected by molecular viscosity down to the tops of the roughness elements.

M~ong the elements, the pressure fluctuations are thought to be more important

than the viscous forces (21. Blake [21] found that pressure fluctuation

I intensity near the wall increased with roughness and scaled with the wall

i shear stress when compared to smooth wall values.

In view of these characteristics, it is not surprising that the proper

I acceleration parameter for fully rough flow (Kr = 

~~~~

_ 

~
) is independent

I

~~~~~~~~~~~ __ 1I~~~~~



of molecular viscosity and contains a length scale dependent on the wall

roughness elements. As shown in Chapter 3, imposition of a 1(
~. 

= constant

acceleration on a fully rough flow with F constant and > 0 results in a

boundary layer which approaches an asymptotic condition for which Cf/2 , 62 ,

H, B, and G are all constant with x. This type of boundary layer satisfies

the conditions found by Rotta [16] for an exactly equilibrium flow, i.e.,

Cf/2 = constant

d,5
1/dx 

= constant (=0)

and
6,

B = —~~~ ~~~~- = constantTw ~X

In the equilibrium accelerated fully rough layer, the mean velocity

profiles become similar , and the profiles of the Reynolds stress tensor

components also approach a similar behavior. The roughness Reynolds number,

Rek, increases throughout the acceleration region, indicating an evolution

toward a “rougher” layer rather than a transitionally rough or smooth

behavior. This is opposite to the behavior of the accelerated smooth wall

turbulent boundary layer , which evolves toward a state resembling laminar

flow. These differences in behavior are consistent with the Stanton number

trends observed with acceleration. In the fully rough layer , Stanton numbers

are increased with acceleration compared to unaccelerated values at the same

x, 
~2’ or Re~ . In the smooth wall layer, however, Stanton numbers are either

2
unchanged or are decreased (depending on the strength of the acceleration)

compared with unaccelerated values at the same position or Reynolds number .
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The virtual position of the wall , found using the method suggested by

Monin and Yaglom [30] and based on the mean velocity profiles, is unaffected

by either acceleration or axial position x. The wall shift, ~y, reported by

Pimenta [2] for the present surface with Kr = 0 remained valid under all

conditions investigated in this study.

Although the accelerated (T
~

-T)/ (T
~
-T,,~,

) vs U/Ut,, data do not exhibit the

linearity observed in Kr 
= 0 data [2], a temperature “jump” at the extra-

polated U/U = 0 point is still indicated. Therefore, there are different

apparent wall positions for the mean velocity and mean temperature profiles

in both zero pressure gradient and accelerated fully rough flows , with the

virtual wall indicated by the mean temperature profiles being further below

the crests of the roughness elements than the apparent wall determined from

the mean velocity profiles.

The turbulence field is dramatically affected when a fully rough

turbulent boundary layer is accelerated. The nondimensionalized turbulent

kinetic energy (q2/U~, or q
2/U~) is substantially reduced over the entire

J layer compared to the unaccelerated case. This is the same trend that can

be inferred from the data for accelerated smooth wall layers. Although no

measurements of and in accelerated smooth wall layers are known to

the author , ~~~~~ profiles are decreased by acceleration [5], and a decrease

in bursting has been noted with acceleration [36]. The present data also

show that an accelerated fully rough layer is much more anisotropic in the

inner region than is a K
~ 

= 0 fully rough layer. This is probably due to

the influence of acceleration on the pressure field-velocity field interaction

terms (~‘ u—, p’ which transfer energy from the u’ to the v ’ and w ’

components of q

I
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I n the accelerated layer with blowing investigated in this study, the

decrease in q2f(J~ in the outer region observed in the unbiown cases was

noted, but the increased anisotropy in the inner region observed for F = 0

was not seen for F = 0.0039. This trend was also noted in the K
~ 

= 0 fully

rough data of Pimenta [2] , who found that blowing produced a more isotropic

turbulence field than that of an unbiown layer. It thus appears that, in

the present data, the effects of acceleration and blowing on the turbulence

field in the inner region of the layer are approximately equal and opposite.

The values of the Reynolds shear stress correlation coefficients found

in this study are in agreement with the values (R
~~ 

0.45, R~ 0.15)

previously reported for smooth wall [32,33,34] and Kr = 0 rough wall [2]

turbulent boundary layers. This observation indicates a universal mechanism

in the bursting and decay process. Although the magnitudes of the components

of the Reynolds stress tensor are dependent on surface condition, blowing

and pressure gradient, the constancy of the correlation coefficients

indicates a universal and constant relationship among these components.

There are indications from the present data that in a fully rough

turbulent boundary layer with Kr~ 
F, and T

~ 
constant, the layer approaches

an equilibrium state in the thermal sense also . Unfortunately, the range of

the present thermal data is not large enough to allow a definitive conclusion

in this regard. It is proposed that in such an equilibrium state Stanton

number would become constant, enthalpy thickness would approach an asymptote,

and nondimensional temperature profiles would be similar in the flow

direction. In the present data the fluid dynamic field (which is a major

influence on the development of the thermal field) is in an equilibrium

state described previously, and the mean temperature profiles are similar in

the flow direction. However, due to the relatively small range of
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covered in the accelerating regions, it is not possible to show that the

I present Stanton number data are constant rather than weak functions of

I enthalpy thickness.

As in the case of the Reynolds shear stress correlation coeff ic ients ,

I the dis~ribut ion of the turbulent heat flux correlation coefficient

v’t’/ U
T

T
I 

calculated from the data of the present study is identical

I with the profiles reported for zero pressure gradient rough wall [21 and

I smooth wall layers [34].

Results of turbulent Prandtl number calculations based on data of the

J present experiment indicate an approximately constant value of 0.7 - 0.8

across the layer. This value is lower than turbulent Prandtl numbers

I reported for the unaccelerated fully rough case [2] , which vary from -. 1.0

I 
in the near wall region to 0.7 - 0.8 in the outer region. The present

values of PrT are in the lower range of th~ data reported by Kearney [2 5]

I for smooth wall accelerated layers.

As shown in Section 3.4 , the response of Stanton number in fully rough

I flow to either acceleration or variable wall temperature can be represented
/ ~\~O.22using the same kernel function, (1 - . This behavior is related to

I the absence of a viscous sublayer, which leads to greater turbulent mixing

I and more vigorous interaction between the wall region and outer flow [38.2] .

By contrast, in a smooth wall layer the viscous sublayer damps or buffers

I the interaction between the wall and the fully turbulent layer, and the

response of Stanton number is different for variations in velocity and wall

I temperature.

‘ 
The fact that variations in velocity and temperature have equivalent

effec ts on Stanton number and that the process can be modeled in the manner

I described above indicates that turbulent Prandtl number should be unity.
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This info nnat ion complements the results of the PrT calculations described

above , since the calculated values are of order one .
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CHAPTER 5. CO~K WSIONS

L
All statements in this chapter, unless otherwise indicated, refer to the

flow of a fully rough turbulent boundary layer over a three-dimensional,

densely packed , uniformly rough test surface such as that used in this study.

Based on the discussion in the previous chapters, the important results and

conclusions of the study are:

— 1. The proper acceleration parameter for use with fully rough flow

is Kr = 

~
f_ -

~~~~~~ 
, where r is a characteristic roughness length.

2. In a constant Kr acceleration with F > 0 and constant, the fully

rough layer develops toward an equilibrium state where Cf/2, 62 , H,

I B and G are all constant. Both mean velocity profiles and the

I components of the Reynolds stress tensor approach similarity in the

flow direction .

1 3. Although inherent uncertainty in the Stanton number data and the

I restricted length of the acceleration region prevent a definite

conclusion, the present thermal data indicate the possibility that

a layer with Kr~ Tw and F(~ 0) constant approaches an equilibrium

state in the thermal sense , also. Such a state would be character-

I ized by Stanton number becoming constant, enthalpy thickness

approaching an asymptote, and temperature profiles being similar in

I the flow direction.

I
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4. Stanton numbers increase with acceleration compared to zero pressure

gradient values at the same position or enthalpy thickness. This

behavior is quite different from that of a smooth wall layer, where

Stanton numbers are unchanged for small values of K and decrease

with increasing K compared to zero pressure gradient data at the

same position or Reynolds number.

5. Roughness Reynolds number increases in a region of acceleration,

indicating that the fully rough layer does not tend toward the

transitionally rough or smooth wall state when accelerated.

6. For F = 0, acceleration decreases the turbulent kinetic energy

throughout the boundary layer, and in the inner region the turbulence

is much more anisotropic than in the Kr 
= 0 layer.

7. In the blown layer , acceleration decreases the turbulent kinetic

energy in the outer region of the layer and substantially alters the

shape of the profiles of u’2, v’2, ~~ compared with the blown ,

unaccelerated boundary layer (Figure 3-34) .

8. The values of the Reynolds shear stress coefficients obtained in

this study are the same as those reported for smooth wall flows

and Kr = 0 fully rough flows , indicating that these values are truly

universal.

9. The profiles of 
~T7

1J
~
T1 calculated from the present accelerated

data are in good agreement with those reported for smooth and rough

wall zero pressure gradient layers. It thus appears that the

turbulent heat flux profile, nondimensionalized in this manner, is

independent of surface condition and favorable pressure gradient.

10. In a fully rough flow, the response of Stanton number to either

variable wall temperature or acceleration can be represented using
-0 .22

the same kernel function, (~- ~
-) .
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11. From (10) above one would expect a turbulent Prandtl number of

approximately unity. The values of PrT calculated from the present

data support this, having an approximately constant value of 0.7 -

0.8 across the boundary layer.

12. The virtual origin of the wall (based on mean velocity profiles) is

independent of acceleration and position in the flow direction .
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APPENDIX I

DESCRIPT ION OF EXPERIMENTAL APPARA Tu S
AND MEA~ JRF1v1ENT TECHNI(~JES

The experimental apparatus and measurement techniques used in this

investigation are discussed below. Since comprehensive descriptions of the
I.

design, construction, and basic qualification of the Roughness Rig have been

reported by Healzer [1] and Pimenta [2], these details will not be repeated

here. The interested reader is referred to the cited reports. Since some

differences exist between the hot wire techniques used by Piinenta [2] and

the present author, a more detailed discussion of this area is presented.

1.1 Experimental Apparatus

A schematic diagram of the Roughness Rig was presented previously in

Figure 1-1 and a brief description was given in Chapter 1. Details of a

typical plate and casting assembly are shown in Figure 1-1 for reference.

I Each of the 24 plates which make up the rough test surface has its own plate

power control, transpiration air control , and five thermocouples which are

I averaged to give an effective plate temperature.

Stanton numbers were determined from an energy balance on each plate.

I The energy gained by the transpired air while passing through the plate and

I the plate losses were subtracted from the measured plate power input to

deteniiine the wall heat flux, 
~~~~~ 

Stanton number was then calculated from

I the definition 

(1.1)I P~~00
Cp crw -Too o )

I 
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The plate losses considered were the radiative losses from the upper

and lower surfaces of the plate, the conduction losses from the plate to

the casting , and the conduction loss through the stagnant air below the test

plate when there was no transpiration. The same models for these losses

were used in this investigation as were used by Healzer [1] and Piinenta [2].

(See Appendix II for a discussion of qualification tests).

Based on the results of the qualification tests, the uncertainty of

the Stanton number data is within ± 0.0001 Stanton number units for the

conditions of this investigation.

Two modifications were made to the Rig after completion of Pimenta ’s [2]

zero pressure gradient study and prior to the present work. First, a 1/2”

wide, 1/32” thick phenolic trip was installed with the front edge three

inches inside the nozzle exit. This was done to insure stable conditions

at the beginning of the acceleration region from run to run.

The second modification was to the top of the test section. The

single-section plexiglass top wall was replaced by a top wall of 1/2” thick

plexiglass constructed in five sections joined with plexiglass inserts.

This wall allowed more precise control of the pressure gradient which was

set along the tunnel length. The new top wall was actually a reworked

version of the one used by Julien [28] and Thielbahr [24] in their smooth

wall investigations.

1.2 Measurement Techniques

1.2.1 Pressure Measurements

Two Statham unbonded strain gauge differential pressure

transducers were used - a model 1!~1-5 with a 0 to Ia.5 psi range and a model

R~1-97 with a 0 to 0.05 psi range. Each unit had a zeroing circuit and was

97
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I
calibrated at the beginning of this investigation using a 30” Meriam

I Microinanometer (Model 34FB2) as a standard. The calibrations were linear

I for 10% to 80% of full scale for both units and were stable to within 0.001

inches of water. Signals from the transducers were integrated for ten

1 seconds using a Hewlett-Packard Model 2401C integrating digital vo1~neter

(IDVM ) with an external quartz crystal oscillator clock which provided 1, 10,

and 100 second integrating period options.

I 
The transducers were used to read the tunnel static pressures from the

0.040” diameter taps located 2” apart in the flow direction on the tunnel

side wall. This gave a pressure reading at the front, middle, and rear of

each 4” plate length. The value of the pressure gradient was calculated

from a quadratic fit to the pressures measured at three adjacent taps.

Total pressures in the freestreani were measured with a Kiel probe

• located in the potential flow region using the pressure transducers.

1.2.2 Temperature Measurements
- 

Mean temperature profiles were measured with a 0.003” diameter,

butt-welded Chromel-constantan thermocouple probe mounted in a traversing

- 
probe holder similar to that used with the horizontal hot wire (see Section

— 1.2.3). The probe was designed with a length of approximately 0.625” to

• minimize conduction errors (see Blackwell’s [9] analysis), and was calibrated

in an oil bath using a Hewlett-Packard Model 2801A (~iartz Thermometer as a

standard. Recovery factor for this probe was ass~~ed to be 0.66 based on

the work of 1-lottel and Kalitinsky [41].

The freestreain temperature (for use in Stanton number runs and monitoring

during hot wire data acquisition) was measured with a probe made of 0.004

inch iron-constantan wire welded into a head. This probe was also calibrated

against the quartz thermometer and a recovery factor of 0.86 was used.
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Estimated accuracy of temperature measurements: + 0.15 °F.

1.2.3 Hot Wire Measurements

Two hot wire probes were used in this investigation: (1) a

DISA 55P05 horizontal, boundary-layer-type probe of 5 micron tungsten wire

with gold plated ends, and (2) a DIS~A 55F02 45° slant probe of 5 micron

tungsten wire with gold plated ends. The wires were mounted in the same

probe traversing mechanisms described by Pimenta [2] and which are shown in

Figures 1-2 and 1-3 for reference. The slant wire could be rotated about

the probe axis with stops positioned 45° apart (6- = nn/4, where n = 0,... ,7).

Two DISA SSMOl anemometers with CTA Standard Bridges were operated in

the constant-temperature mode. Each of the two hot wires was paired with

an anemometer. The anemometer output voltages were linearized using two

TSI Model 1072 fourth order linearizers .

A DISA Model 55D15 true ~~s meter was used to determine the mean

square values of the fluctuating voltages. The rms meter was calibrated

against standard sine waves with known rms values. Resulting accuracy of

the rms meter output was 1% of the measured value.

Mean velocities were determined by integrating the linearizer output

for 10 seconds with the IDVM, while mean square values were determined

by integrating the true rms meter output for 100 seconds with the IDVM.

The rms meter was used with a 10 second time constant setting, and four time

constants (40 seconds) were allowed to elapse before the 100 second integra-

tion was begun.

The hot wire probes were calibrated using the calibrator described by

Pimenta. This consists of a length of 3” diameter PVC pipe with flow

straighteners and screens at its inlet and is followed by a 20:] contraction
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AS’IE nozzle. The probes were placed in the free jet at the exit of the

nozzle where the velocity is uniform across the central region of the jet.

The air temperature was maintained constant and at the same temperature at

which the data were taken in the tunnel (— 68°F) .

The directional sensitivity of a hot wire and the resulting equations

have been widely reported in the literature and will be only briefly covered

here. According to JoLgensen [42], the directional sensitivity of a hot

wire can be written as

t1eff = u~ + k~ v~ + k~ w~ (1.2)

where U 2 , v2, and are the velocity components in the wire ccordinate

system (Figure 1-4) and k1 and k2 are constants which depend on wire and

prong construction characteristics. For the DISA 55F02, the values are

taken as k1 = 0.20 and k2 = 1.02.

Equation (1.2) can be rewritten in terms of u1, v1, w1, the velocity

components in the laboratory coordinate system, as

U~ ff = AU1 
+ B~T

1 
+ ~w1 

+ Du1v1 + Ev1w1 + Fu1w1 (1.3)

where
A = cos2~ + k~ sin2

4

B = (sin24 + k~ cos2q) cos 20 + k~ sin2O

C = (sin2q + k~ cos24) sin2O + k~ cos 2O

D = (1 — k~) sin 24 cos O

E = (sin2~ + k~ cos2O - k~) sin 20

F = (1 - k~) sin 2~ sinO

100
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For a boundary layer flow where

= U + u’

v1 
=

it can be shown [2,34] that

~~~ 2 —  2 —
U~~ f 

= A u ’ ’ + ~~~ V ’2 + ~~~ w ’ 2 + D U”!’ + 
~~~~~ ‘j ’w ’ + F U’W ’ + 0(3 )  ( 1. 4 )

and

U ff = + 0(2) (1.5)

In a two-dimensional boundary layer, the ~iT~~~ and ii’~7 terms can be

assumed zero by symmetry. In the present tests, it was verified that both

these terms were essentially zero to within the accuracy of the rms meter

(see Appendix II). With this information, U and can be measured with

the horizontal wire, and measurements at three rotations of the slant wire

allow determination of ~, ~ , and Ü’V~~~. In this investigation, slant

wire measurements were taken at 6- = 45°, 90°, and 135°. These angles were

chosen after an initial investigation to determine typical values of at

different ft’s. Solution for ~~~ ~~~ and ipvr involves finding small

differences between large numbers. The choice of ft = 45° , 90°, and 135° was

an attempt to maximize this difference and thus minimize the error involved.

In addition , these values of 6- minimize the effect of the velocity gradient

in the 0° - 180° plane.

Estimated uncertaintie; in the indicated quantities are:
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I U: +2%

u’2: ±5%

;:-;-2-

, 

;;-2-

, ~PV’ : + 10% 
S

No wall proximity corrections were applied to the hot wire measurements,

since by the criteria of Repik and Ponanareva [43] none were required for

the conditions under which the measurements were made.

I

I
I
I
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Figure 1-1. Cross-Section of Typical Test Plate- -Casting Configuration
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Figure 1-2. Schematic of the Horizontal Hot-Wire Probe Configuration
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Figure 1-3. Schematic of the Rotatable Slant Hot-Wire Probe Configuration
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Figure 1-4. Coordinate Systems for Analysis of Slant Wire
Directional tharacteristics
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APPENDIX II

(~JALIFICATION TESTS

11.1 Stanton Number Data

The original energy balance tests on the Roughness Rig were performed

by Healzer [11, and the St data of Pimenta [2] were taken shortly after these

tests. Since the present St data for Kr = 0 , F = 0 and 0.0039 are in

excellent agreement with those of Pimenta (see Figure 3-1) for large values

of enthalpy thickness, it was concluded that the models for the energy losses

were still valid.

This conclusion was confirmed when both blown and unblown energy

balance tests were conducted several months after this investigation was

completed. Results of these tests [44] were in excellent agreement with

the original tests of Healzer.

11.2 Two Dimensionality Check

After installation of the boundary layer trip, a zero pressure

gradient flow was established in the test section and velocity profiles were

taken at x = 24” both on the centerline and 3 inches on either side

(z = 0, ± 3 inches). Across this center 6” section of the tunnel , the

variation of U~, was less than 1% and the variation of momentum thickness

was less than 2%.

When a favorable pressure gradient (acceleration) is imposed on a

flow in a test section of finite size , a divergence of the streamlines is

expected due to the thinning of the boundary layers on the smooth side and
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top walls. Since the accelerations applied in this investigation were

milder (lower values of K) than those studied in the smooth wall layer

investigations of Julien [27], Thielbahr [24], Loyd [28], and Kearney [25],

the three-dimensionality induced by acceleration was anticipated to be

negligible in this study. To check this effect on the turbulence measure-

ments , the values of ~7~’ and ~~~ were determined for each acceleration

condition at the x-position where turbulence profiles were taken. In

every case, ~~~~~ and Zi~~
T were essentially zero within the accuracy of the

rms meter , and in no case were they greater than 2% of ti~T’ . I t was

concluded that the accelerated boundary layers of this investigation could

be considered two-dimensional with negligible loss of accuracy.

11.3 Sensitivity of Calculated Data to Origin of Wall

The sensitivity to the assumed origin of the wall of all accelerated

data calculated by integration of profiles outward from the wall was

considered. All calculated quantities reported in this thesis were deter-

mined assuming y = 0 at the crests of the spherical roughness elements.

Additional calculations were made considering the origin of the wall to

be 0.006 inches below the crests of the roughness elements. Typical results,

presented as the percentage change due to the 0.006” wall shift, were:

-
~~ 1%

~~

‘ 1%

H 4%

A -* 1%

~~

C
f /2  ~- 2%
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11.4 Hot Wire Measurements

Great care was taken when hot wire measurements were being made to

insure that the wire calibration and instrument calibrations were maintained.

Periodic checks of wire calibration were made in the freestream by comparison

with measurements of Ut,, obtained with a Pitot probe and the calibrated

pressure transducers. The calibration settings of the linearizers, rms

meter, and IDVM were checked after every one or two profiles to insure that

these instruments had a minimum of drift. The temperature of the flow was

maintained constant within ± 0.5°F during measurement periods by monitoring

the output of a thermocouple in the freestream on an auxiliary digital

voltmeter.

.
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APPENDIX III

INDUCED TRANSPIRATION EFFECTS ON ACCELERATION DATA

Imposition of a pressure gradient, dP/d.x, along the test section results

in an induced flow through the porous plates for a nominal F = 0 condition.

When there is blowing through the plates, the nominal distribution of F

along the test section is altered by the flow induced by the pressure gradient.

This section presents an analysis which quantifies these effects.

A cross-section diagram of a typical plate and casting assembly was

shown in Figure 1-1. In the following analysis it will be assumed that, for

F = 0, the preplate is impermeable since its porosity is much less than that

of the test plate. Static pressures on the front edge, center , and rear

edge of the test plate will be denoted by P1. P2, and P3, respectively. For

a linear variation of pressure along the plate, the pressure in the plenum

between the preplate and test plate is assumed to be (P1 
+ P3)/ 2 for F = 0.

Under the favorable pressure gradients of this study, for a nominal F = 0

condition there is suction on the front half of the plate and blowing on the

rear half .

The pressure drop versus flow rate characteristics of a typical plate

were determined experimentally. The pressure differential across a test

p late was measured for 11 different settings of the transpiration control

valve (while there was no mainstream flow) . It was found that the data

follow the relationship

rn = 25.58 AP°942 (111.1)
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where in is the flow rate (ft3/min) through the 0.5 ft2 plate area and AP

is the pressure drop across the test plate (inches H20). This expression is

valid for AP from 0.019 to 0.56” 1-120 and in from 0.58 to 14.68 ft
3/min.

Calculations were made using Equation (111 .1) , the assumptions stated

above , and assuming negligible induced flow axially in the test plate due

to the longer flow path in that direction than in the direction normal to

the plate surface. Results are shown below , where Fmjn and Finax are the

blowing fractions at the leading and trailing edges of the plate, respectively.

Maximum induced suction occurred at the leading edge, maximum induced blowing

at the trailing edge, and the value of F induced at the middle of the plate

was zero.

Run (x-x ) F . F F .a nominal max mm

K - 0 15 l0~~ 
22 0.0 0.0005 -0.0006

r . x 42 0.0 0.0006 -0.0006

— ~ ~~~~~~~ 

10 0.0 0.0010 -0.0010K — 0.2  x 1 22 0.0 0.0011 -0.0012

— 
~~~~~~~ 

10 0.0039 0.0046 -0.003 1K1. — 0.29 x 1 22 0.0039 0.0049 -0.0030

— -6 10 0.0 0.0013 
- 

-0. 0014K — 0.28 x 10 22 0.0 0.0019 -0.0021

~~~~~~~~~ 
_ _ _ _ _ _ _ _ _ _ _
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APPENDIX IV

Tabulation of Experimental Data

This appendix provides tabular listings of the experimental data of

this investigation. Data are presented in the following order : (1) Stanton

numbers, (2) mean temperature profiles , (3) mean velocity profiles, and

(4) Reynolds stress tensor component profiles.

Abbreviations used in the listings are:

RUN Date (month, day , year ) - -

TINFO Freestream total temperature (°F)

TDB Dry bulb temperature (°F)

TWB Wet bulb temperature (°F)

PL Plate number - -

X Axial position from nozzle exit (In.)

ST Stanton number --

DEH2 Enthalpy thickness, A2 (In.)

REDEH2 Enthalpy thickness Reynolds number, ReA - -

2
F Blowing fraction - -

IJINF Freestream velocity (ft/sec)

TW Wall temperature (°F)

TINF Freestream static temperature (°F)

KR Fully rough acceleration parameter , K1. - -

K Smooth wall acceleration parameter , K - -

110

I



—--~ ,- - .~ --~~~~~~~ , - - - - - - - -

DEl-I Thermal boundary layer thickness, A (In.)

DE Velocity boundary layer thickness , 6 (In.)

DE2 Momentum thickness, 6~ 
(In.)

PT Point number in profile - -

Y Distance normal to test surface (In.)

T Mean static temperature (°F)

TBAR (Tw - T) / (Tw - 1) - -

CF/2 Skin friction coeffic ient, Cf!2 - -

IJTAU Friction velocity, UT (ft/sec )

DEl Displacement thickness, 6~ 
(In.)

H Shape factor , 61/62 - -

C Clauser shape factor --

BETA Pressure gradient parameter, B = (6i/rw) (dP/dx) --

REDE2 Momentum thickness Reynolds number, Re6 
- -

2
PEK Roughness Reynolds number, Rek --

U Mean velocity (ft/sec)

UP2/U 12 u’2/U~ 
- -

VP2/U12 v ’2/U~, 
--

— WP2/1J12 w ’ 2/IJ,~, - -

-UV/U12 ~ii~Vr/U~ --

Q2/U12 q2/U~, --

RIJV ~ T~T/,/~,2 
~~~~~~~~ 

- -

RQ2 ~ü~vr/q
2 - -
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STANTON NO. RUN - KR zO, Fzfl
RUN = 040975 TO$ 70.00
TTP IF C 66.60 TWO r 57.00

P1. N ST DEN? RE:cwH2 F U INF TN T!NF KR

1 2 .00531 .011 464. 0.0000 08.08 92.2 66.0 0.
2 6 .00372 .029 1300 . 0.0000 08.08 92.3 66.0 0.
3 10 .0032? .0’.3 19~.5. 0.000 0 86.00 92.4 66.0 0.
I. j i. .0~~3Ci .055 2517. 0 . 0 0 C C  6 8 . 0 8  92.4 66.0 0.
S 10 .00285 .067 3052. 0.0000 86.00 92.3 66.0 0.
6 22 .00 263 .076 3552. 0 . 3 0 0 0  6 6 . 0 0  92.3 66.0 0.
7 26 .00263 .088 4032. 0.0000 66.06 92.3 66.0 0.
6 30 .00240 .099 44 96.  0 . 0 0 0 0  88.06 92.4 66.0 0.
9 31. .00242 .109 4.91.5. 0.0000 88.06 92.3 66.0 0.

10 38 .00236 .118 5364 . 0.0000 68.06 92.4 66.0 0.
Ii 42 .00236 .120 5016. 0 . 0 0 0 0  86.00 92.3 66.0 0.
12 46 .00236 .137 6249. 0 . 0 0 0 0  88.08 92.2 66.0 ~.13 50 .00233 .147 6677. 0 . 0 0 0 0  88.06 92.3 66.0 0.
14 54 .00225 .156 7095. 0.0000 66.08 92.4 66.0 0.
15 56 .00222 .165 7502. 0 . 0 0 0 0  8 8 .08  92.5 66.0 0.
16 62 .00221 .173 7907. 0.0000 86.06 92.4 66.0 0.
17 66 .00222 .162 8311. 0.0000 68.08 92.5 66.0 0.
18 70 .00219 .191 0713. 0.0000 08.08 92.5 66.0 0.
19 74 .00218 .200 9112. 0 . 0 0 0 0  88.00 92.4 66.0 0.
20 70 .00214 .209 9506. 0.0000 86.08 92.5 6b.0 0.
21 8~ .00210 .217 9093. 0.0300 08.00 92.4 66.0 0.
22 86 .00212 .225 10271 . 0.0000 66.00 92.5 66.0 0.
23 90 .00212 .234. 106b3. 0 .0001 88.08 92.4 66.0 3.

STANTON NO. RUN - K* O, FrO - FIRST 6 PLATES UNHEATED
RUN z 040975 T08 = 70.00
TINF O = 67.50 TW 8 = 57.00

Pt~. N ST DEN? REDE H2 F U IN F TN TIPIF KR

1 2 0.00000 0.000 0. 3.0000 66.16 67.9 66.9 0.
2 6 0 . 0 0 0 0 0  0 . 0 0 0  0. 0.0000 66.16 67.7 66.9 0.
3 10 0.00000 0.000 0. 0 . 0 0 0 0  66.16 67.5 66.9 8.
4 1’. 0 .0 0 0 0 0  0.000 0. 0.0000 66.16 67.3 66.9 0.
5 18 0.00000 0.000 0. 0.0000 66.16 67.5 66.9 0.
6 22 0.00000 0.000 0. 0.0000 88.16 68.4 66.9 0.
7 26 .00455  .009 414. 0.0000 88.16 93.3 66.9 0.
8 30 . 0033 5 .025 1133. 0.0000 66.16 93.3 66.9 0.
9 34 .00314 .036 172 1.. 0.0000 86.16 93.2 66.9 0.

10 38 . 00297  .050 2260. 0 . 0 0 0 3  86.16 93, 1. 66.9 0.
11 42 .00264 .062 2608. 0.0000 88.16 93.0 86.9 0.
12 46 .0027 0 .073 3319. 0.0000 88.16 93.1 66.9 0.
13 50 .00270 .0114 3610. 0.0000 86.16 93.0 66.9 0.
14 54 .00259 .095 4299. 0.0000 08.16 93.1 66.9 0.
15 56 .00253 .105 4165. 0.0000 86.16 93.2 66.9 0.
16 62 .00250 .115 5223. 0.0000 66.16 93.1 66.9 0.
17 66 .00247 .125 5675. 0.0000 66.16 93.? 66.9 0.
16 70 .00244 .133 6121. 0 .0000  68.16 93.2 66.9 0.
19 74, .00240 .144 6561. 0.0000 68.16 93,2 66.9 0.
20 18 .00235 .154 6993. 0.0000 68.16 93.3 66.9 I.

• 21 82 .00229 .163 7416. 0 . 0 0 0 0  60.16 93.4 66.9 I.
22 86 .00230  .172 7034 .  0 .000 0  88.16 93.4 66.9 0.
23 90 .00230 .181 8253. 0.0000 88.16 93.4 66.9 0.
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S T& NTC N P40. RUN — KR :0, P’O — FIRST 12 PLATES UNHEA TEO
RU N ‘ 040973 TOB E 70.00
TINF O z 67.20 TWB 57 .00

Pt. ~ ST 0EH2 REOEH2 F 1JXNF TN TINF KR

1 2 0.0000 0 0.000 0. 0.0080 86.13 67.9 66.6 0.
2 6 0.00000 0.006 4. 0.0000 88.13 67.6 66.6 0.
3 10 0.00000 0.000 0. 0.0000 86.13 67.3 66.6 0.
. i~ 0.30000 0.000 8. 0.0000 68.13 67.2 66.6 0.
5 16 0.00000 0.000 0. 0.0000 68.13 67.4 66.6 0.
6 22 0.00000 0.000 0. 0.0000 66.13 67.3 66.6 0.
7 26 0.00000 0.000 0. 0.0000 66.13 67.3 66.6 0.
6 30 0 . 0 0 0 0 0  0 .000  0. 0.0000 66.13 67.2 66.6 0.
9 34 0.00000 0.000 0. 0.0000 86.13 67.2 66.6 0.

tO 38 0.00000 0.000 0. 0.0000 66.13 67.1 66.6 0.
11 42 0.0000 0 0.000 0. 0.0000 68.13 67.3 66.6 0.
12 46 0.00000 0.000 0. 0.0000 86.13 58.1 66.6 0.
13 50 .00427 .009 389. 0.0000 86.13 93.4. €6.6 0.
14 04. .00320 .024 1069. 0.0000 68.13 93.1. 66.6 0.

50 .00304 .036 16-18 . 0.0000 66.13 93.5 66.6 0.
16 62 .00292 .046 2161. 0.0000 86.13 53.3  66.6 0.
17 66 .00263 .059 2704 .  0 . 0 0 0 0  66.13 93.4 66.6 0.
18 70 .00276 .071 3212. 0.0000 88.13 93.3 66.6 0.
19 74 .00269 .001 3706 . 0.0000 80.13 33.5 66.6 0.
20 7’ .00260 .09’ 4189. 0.0000 88 .13 93.5 65.6 0.
21 0? .00252 .102 4655. 0.0003 88 .13 93.5 66.6 0.
2 65 .002~ t .112 5113. 0.00 0 3  68.13 93.5 66.6 0.

23 93 .00250 .122 5569. 0.0003 88.13 93.4 65.6 0.

STANTO N NO. RU N — KR= 0 , F 0 — LINEAR TW A L L VARI ATION
RUN = 01.1075 TOD = 70.00
TrN FO r 64.20 TW~ = 56.00

N ST !)EH2 REOE H2 F U IN~ T N T X NF KR

1 2 .00529 .011 485. 0.0000 86.05 1)2.0 63.9 0.
2 6 .00371 .029 1306. 0.000 0 86.05 102.1 63.9 0.
3 10 .003 2? .043 1947, 0.0000 8&.0~ 102.1 63.9 0.
4 14 .00301 .os~ 2536. 0.0003 68.05 101.6 63.9 0.
5 10 .0028 1 .068 3111.. 0.0000 86.05 101.2 63.9 0.
6 22 .00260 .080 3659. 0.0000 88.0! 100.5 63.9 0.
7 26 .00259 .092 4212. 0.0003 88.05 99.9 63.9 0.
5 30 .00243 .104 4746.  0.0000 68.05 99.2 63.9 0.
9 31. .00237 .116 5292. 0.0000 68.05 98.5 63.9 0.

tO 38 .00231 .127 5819. 0.0000 88.05 97.9 63.9 0.
11 42 .00228 .139 6374 . 0.0000 88.05 97.1 63.9 0.
12 46 .00225 .151 6906. 0.0000 08.05 96.5 63.9 0.
13 50 .00223 .163 71.75.  0.0000 68.05 95.8 53.9 0.
14 54 .00211 .175 8032.  0 . 0 C 0 0  88 .05 95.1 63.9 0.
15 ~8 .00209 .188 OF21. 0.0000 88.05 94.4 63.9 0.
16 62 .00207 .201 9196. 0.0000 66.05 93.1 63.9 0.
1? 66 .00205 .214 9785. 0.0000 86.05 93.1 63.9 0.
10 70 .00202 .227 10414 . 0.0000 66.05 92.3 63.9 0.
19 7’. .00200 .241 11020. 0.0000 66.0~ 91.7 63.9 0.
20 78 .0019 4 .255 11682. 0.0000 86.05 91.0 63.9 0.
21 8? .00190 .270 12361. 0.0000 66.05 90.3 63.9 0.
22 86 .00189 .284 13013. 0.0000 86.0! 69.7 63.9 0.
23 90 .00169 .300 13727. 0.0000 66.05 69.0 63.9 0.
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STANTON NO. RUN — KR r O , F=0 — 6IL INEAR TW AL L V A R I A T I O N
RUN = 01.1075 TOO = 70 .00
TINFO 64.30 TWO 55 .00

Pt. N ST 0tH? R EOEH 2 F UINF T N TINE KR

1 2 .00529 .011 1.85. 0.0000 88.06 102.2 64.0 0.
2 6 .00371 .029 1309. 0.0000 88.06 102.2 64.0 0.
S 10 .00327 .01.3 1949. 0 .0000 88.06 102.2 64.0 0.
4. 14 .00303 .055 2525 . 0.0000 88.06 102.? 64.0 II.
5 16 .00276 .069 314.6. 0.0000 88.06 100.9 64.0 0.
6 22 .00257 .083 3779. 0.0000 86.06 99.4, 64.0 0.
7 26 . 00 2 5 3  .3% 4393 .  0 . 0 0 0 0  88 .06  98.0 64.0 0.
8 30 .00237 .110 5011. 0 . 0 0 0 0  8 8 . 0 6  96.6 6’ ..0 0.
9 34 .00228 .124 5677 .  0 .0 0 00  88 .06  95 .3 64.0 0.

10 36 .00223 .139 6343 .  0 . 0 0 00  88 .06  94 .0  64.0 0.
11 42 .00214.  •15 5 7069 .  0 . 0 0 0 0  6 6 . 0 6  92.5 64.0 0.
12 46 .00209 .171 7 0 3 6 .  0 . 0 0 0 0  86 .06  91.1 64.0 0.
13 50 .00205 .1d9 8668. 0 . 0 0 0 0  68 .06 69.7 64.0 0.
11. 51. .00187 .207 9 4 5 4 .  0 . 0 0 0 0  68 .06  38 .5 64 .0 0.
15 58 . 00208  .205 9372. 0 . 0 0 0 0  88 .06  89.7 64 .0 0.
16 62 .00217 .202 9261. 0 . 0 0 0 0  8 6 . 0 6  91.1 64 .0 0.
17 66 .00223  .200 9161. 0 . 0 0 0 0  88.06 92.6 64.0 0.
18 70 .0 0 2 2 8  .200 9132. 0 . 0 0 0 0  80 .06  94 .0  64 .0 0.
19 7~. .03 220 .700 9 13 0 .  0 . 0 0 0 0  8 8 . 0 6  95 .5 64 .0  0.
23 78 .002’ S  .200 9166. 0 . 0 0 0 0  88 . 0 6  96.0 64 .0 0.
21 8? . 0 0 2 ? T  .20 1 9198. 0 . 0 0 0 0  88 .05  98.2 64 .0  0.
22 86 . 00231  .202 9263 .  0 . 0 0 0 0  8 8 . 0 6  59.6 54 .0 0.
23 90 . 0 0 2 3 3  .20 4 .  9328 .  0 . 0 0 0 0  8 8 . 0 6  101.0 64 .0  0.

STANTON NO. RUN - KR 0,  F 0.0 0~~9RUN = 841775 T09 = 71 . !0
TINF O 67 .30  T W O  = 5 7 . 0 0

Pt N iT 0EH2 REOE PI 2 F tJIP4F 1W TINE KR

1 2 .00353  .015 671. . 0 0 3 9  87.98 97.7 66.9 0.
2 6 .00213 .342 1899. .0039 67.98 97.7 66.9 0.
3 10 .00162 .055 2948. .001.0 67.98 97.8 66.9 0.
I. 14 .0014? .067 3949. .004.0 87.98 97.7 66.9 0.
5 16 .001’9 .1.08 49 18 .  . 0 0 4 0  67.96 97.8 66.9 0.
6 22 . 0 0 12 1  .130 5875. .0039 87.96 57.7 66.9 0.
7 26 .00117 .150 6 796. . 0 0 3 9  67.96 97.8 66.9 0.
8 30 .001 05 .170 7701. .0039 67.96 97.8 66.9 0.
9 3’. .00105 .190 8611.. .0040 87.98 97.8 66.9 0.

tO 30 .00099 .210 9534.. .0039 87.98 97.7 68 .9 0.
11 4? .00100 .230 10420. .001.0 67.98 97.? 66.9 0.

‘ 
12 46 .00098 .21.9 11293. .0039 07 .96  47 .6  66.9 0.
13 50 .000 95 .269 12183. .0039 67.90 97.8 66.9 0.
14 54 .00082 .280 1301.1. .0040 87.98 97.6 66.9 0.
13 58 .00O~~14 .307 13936. .00 39 67.96 97.6 66.9 0.
16 62 .00094 .326 14802. .0039 87.96 97.6 66.9 0.
17 66 .00083 .345 15653. .0040 87.90 97.9 66.9 0.
18 70 .00 085 .356 16586. .0039 ei.~~e 97.6 66.9 0.
19 7’. .00078 •38C 17468. .0039 87.98 37.7 66.9 0.
20 76 .00082 .4.05 18365. .0039 87.98 97.7 66.9 0.
21 62 .00078 .423 19162. .001.0 87.98 ‘37.7 66.9 0.
22 86 .0000 1  .44.1 2 002 2 .  .0040 07.96 97.8 56.9 0.
23 90 . 0006 1  .466 2Q8 ~~1. .0039 67.94 97.8 66.9 0.
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STANTON NO. RU N — KQ 0, E~~0.0I39 - FIRST 6 PLATES UNHEAT ED
RUN x 041775 TOR = 1l. ~~0
TINF O 66.90 TWO a 57.00

Pt. N ST DEH2 REDE H2 F UINF TN TINE KR

1 2 0.00000 .008 396. .0039 87.95 58.? 66.5 0.
2 6 0.00000 .025 111.1. .0039 87.95 66.8 68.5 0.
3 10 0.00000 .01.8 2156. .004.0 87.95 61.8 68 .5 0.
1. 14. 0.00000 .080 36148. .0040 67.95 61.7 66.5 0.
5 18 0 .00000 .063 2642 . .0040 87.95 68.0 66.5 0.
8 22 0.00000 .04.9 2230. .0039 87.95 56.6 66.5 0.
7 26 .00245 .023 1049. .0039 87.95 97.1 66.5 0.
8 30 .00160 .04.7 2121. .0039 67.95 97.9 66.5 0.
9 34 .0014.8 .069 311.4. .0040 87.95 97.9 66.5 0.

10 36 .00133 .090 4065. .0039 07.95 97.9 66.5 0.
Ii 4.? .0012? .111 5 0 5 5 .  .0040 87.95 97.7 66.5 0.
12 46 .00121 .132 5987 .  . 0 0 3 9  87.95 97 .8  66.5 0.
13 50 .00 116 .1~~3 693 1. .0 0 3 9  87 .95  9 7 . 7  68 .5  0.
11. 54 .00102 .173 7 6 4 . 8 .  . 0 0 4 0  67 .95 37 .7  66.5 0.
15 56 .00112 .193 87 3 9 .  . Q O 3 ~ 67 . 9 5  97 .8  66. 5 0.
16 ~.2 .00110 .213 9663.  . 0 0 39  87.95 97 .8  66.5 0.
17 66 .00101 .232 10538 .  . 0 0 3 9  87 .95  97 .9  66.5 0.
18 70 .00008 .252 11422. .0039 87.95 97.9 6~~.5 0.
19 7’. .00092 .272 12313. .0039 81 .95 97 .8  66 .5 0.
‘0 78 .0009’. .290 13174. .0039 87.95 97.9 66.5 0.
21 82 .00069 .310 14070. .0040 87.95 37.9 66.5 0.
22 06 .00091 .329 14952. . 0 0 4 0  67.95 97 .9  66.5 0.
23 90 .00091 .34.9 15650. .0039 07.95 97.9 66.5 C.

STANTON PlO. RUN - KR =C, F 0.0029 — SILINE IR TW ALL VA RIATION
RUN 04 1775 708 z
T INFO a €7.30 TWO = 57.00

P1 x ST 0€H2 P60tH? F UIP4F TW TINE KR

1 2 .00355 .015 676 .  .0 0 3 9  07 .98 37.5  66.9 0.
2 6 .00215 .042 1905 .  . 0 0 3 9  6” .90  97 .7  66.9 0.
3 10 .001~~C .065 295 1. .001. 0 67 .98 97.8 66.9 0.
1. 14. .C ’~t 4 5  .088  396 7 . . 0 04 0  01.98 47.7 66.9 0.
3 18 .00136 .113 5101. . 0 0 1 . 0  87 .90  96.5 66.9 0.
6 22 .00 1 16  .138 62 80 .  .3039 07.96 95.2 66.9 0.
7 26 .00111 .166 754 i,. . 0 0 3 9  87 .98  93 .8 66.9 0.
8 30 .0 0 0 9 0  .195 8862 .  .0 0 3 9  67 .98  92.4 66.9 0.
9 34. . 0009 5 .226 1024. 3 .  .0 0 4 0  87 .96  91.1 66. 9 0.

t O 30 . 0 00 8 6  .261 11646 .  . 0039  8 7 .96  69.5 66.9 0.
11 4.? . 00 0 8 5  .296 13366.  .00 4 . 0  67.98 3 8 .4  66.9 0.
12 46 .00 078  .337 1.530 ’ . .0 039  87 .96  86.6 66.9  0.
13 50 .03082 .383 17375. .0039  6’ .98 8 5 .4  66.9 0.
II. Sf. . 0004 7  .1.27 19352. . 004 0  87 .98 i4 . .3  66.9 0.
13 C~~ .0 0 0 0 6  .417 18924. . .0039  87 .98  05.5 66.9 0.
16 6? .00092  .408 18506.  . 0 0 3 9  67 .98  66.8  66.9 0.
17 66 .00000 .4.Ot 18179. .0040 ei.qo 06.1 66.9 0.
16 70 .00095 .396 17942. .0039 87.96 39.5 66.9 0.
19 74 . 00 0 8 5  .191 1 7 7 3 3 .  .0039 67 .96 10.9 66.9 0.
20 78 .00099 .189 176..6. . 0 0 3 9  6 7 . 9 6  92.2  66.9 0.
21 62 .00093 .366 17512. .0040 67.96 93.8 66.9 0.
22 86 .00388 .380 17619. .0040 07.96 ‘35.0 66.9 0.
23 90 .000~ 4 .388 17607. .0039 87 .98 96.4 66.9 0.
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STANTO N NO. RUPI — KR :0.ISE-3 , F=0
R UN 04.0175 Tfl~ = 73.00 S
TIN F O = 67.20 TWt3 = 56.00

Pt. I ST DEH2 P60( 412 F U INF 1W TINE KR

1 2 .00527 .011 4.82. 0.0000 88.4.6 93.6 66.7 0.
2 8’ .00372 .029 1302. 0 .0000 88.10 93.6 66.7 — .1236—04
3 10 .00329 .043 1940. 0.0000 88.00 93.5 66.7 — .6006—05
L. 1’. .00304 .050 2516. 0.0000 88.00 93.5 66.7 .1796—05
5 10 .00207 .067 3055. 0.0000 66.03 93.6 66.7 .5386—05
6 22 .00260 .070 3560. 0.0000 88.12 93.6 66.7 .3356—05
7 26 .00267 .089 1.04.7. 0.0000 88.17 93.5 56.? — .1406—06
8 30 .0025? .099 14520. 0 .0000 88.11 93.6 66.7 — .1126—05
9 3’. .00247 .1.09 4975. 0.0000 88.09 93.5 66.7 .5326—05

10 38 .0021.~ .119 51422 . 0.0000 80.31 13.5 66.7 .3326—04
11 42 .00247 .128 5672. 0.0000 89.13 93.5 65.7 .1016—03
12 45 .00250 .135 6335. 0.0000 91.05 93.5 66.7 .1446—03
13 50 .0025 1 .11.1 5 01.1. 0.0 000 93.32 33.5 66.7 .1516—03
14 54 .03245 .11.8 7297. 0.0000 95.53 93.5 68.6 .1436—03
15 58 .00242 .15’ 7703 . 0.0000 97.76 03.5 66.6 .11476—03
16 62 .00242 .160 02 77.  0 .0000 200.02 93.1. 66.6 .1426—03
17 66 .0024.2 .166 6783 . 0.0000 102.4.7 93.4 66.5 .15 36—03
18 70 .03243 .172 9303. 0.0000 104.87 93.5 66.5 .14.36—03
19 74 .0024.2 .178 9833. 0 .0000 107 .31 13.6 66.5 .11416—03
20 78 .00236 .183 1036 8 . 0.0000 109.98 33.6 56.4 .1566—03
21 82 .002 32 .180 10905. 0.0000 112.68 93.6 66.1. •j4.7E_ Ø3

- 1 22 86 .C0232 .19’ 11450. 0.0000 115.10 93.6 66.4 .1396—03
23 90 .00237 .196 12013 . 0.0000 117.86 93.5 66.3 .1655—03

a

STANTON NO. RUN — KR=0.156—3, F*0 - FIRST S PLATES UNHEATE D
RUN = 032575 TOO a 71.00
TINF O ~ 66.10 TWO = 56.00

Pt. N ST 05 442 REOEII 2 F UINF TN TINE KR

1 2 0 .0 0 0 0 0  0.000 0. 0.0000 68.28 oS.7 65.7 — .2415—0 4
2 6 0.00000 0.000 0. 0.0000 87.91. 66.2. 65.8 — .1436—04
3 10 0.00000 0.000 0. 0.0000 87.79 56.3 65.6 — .5835—05
4. 1’. 0.00000 0.000 0. 0.0000 81.15 So.1 65.6 .~ 63E— O 5
5 18 0.00000 0.000 0. 0.0000 87.84 66.2 65.6 .‘91E—0 5
6 22 0.00000 0.800 0. 0.0000 87.90 67.3 65.8 .2466—05
7 26 .00461 .009 417. 0.0000 86.00 92.7 65.7 — .2776— 05

• 8 30 .00 340 .025 1140. 0.0000 07.62 32.7 65.8 — .3306—05
9 31. .00319 .039 1735. 0.0000 87.68 92.6 65.6 .9356—05

10 38 .00303 .051 2297. 0.0000 88.08 42.6 65.7 .320E—0..
11 4.2 •00297 .062 284.3. 0.0000 88.87 92.7 65.7 .1035—03
12 ~6 .0029 6 .073 3389. 0.0000 90.66 92.7 65.7 .1426—03
13 50 .00292 .063 3944. 0.0000 92.99 92.7 65.7 .14.95—03
14 5~ .00282 .092 4499. 0.0000 95.28 42.8 65.7 .1455—03
15 58 .00275 .101 5050. 0.0000 97.145 42.8 65.6 .14.76—03
16 62 .00273 .110 5605. 0.0000 99.73 92.6 65.6 .14.35—03
I ? 6 6 .00269 .116 6167. 0.0000 1.02 .13 92.’ 65.6 .1526—03
10 10 .00258 .126 6737. 0.0000 104.62 42.7 65.5 .1466—03
19 7’. .0026 4 .133 7315. 0.0000 107.08 92.7 65.5 .1456—03
20 78 .C0238 .140 7895. 0.0000 109.77 42.7 65.4 .1556—83
21 82 .00253 .147 8476. 0.0000 112.37 ‘32.6 65.4 .1436—03
22 86 .00252 .154 9063. 0.0000 114.91 92.7 65.4 .1316—03
23 90 .00251. .161 9663. 0.0000 117,55 92.8 65.3 .1616—03
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STAN TC N NO. RUN — KR O.2 9F— 3 , Fz0
RUN • 0225 75 TOO ~ 73.00
TINF O a 66.10 TWO a 60.00

Pt. I ST 06412 P506K? F UIW F TN TINE KR

1 2 .00523 .011 472. 0.0000 67.24 93.4 65.7 C.
2 € .00 370 .028 1277. 0.0000 86.99 93.4 65.7 — .5495—05
3 10 .00327 .01.2 1906. 0.0000 87.08 93.3 65.7 .3125—05
4. 1’ .00302 .055 24.73. 0.0000 67.06 93.3 65.7 — .6316—0 6
0 18 .00287 .067 3005. 0.0000 67.35 43.5 65.7 .7226—01.
6 22 .002 78 .076 3523. 0.0000 89.51 93.4 65.7 .2385—03
7 26 .00284 .084 4055. 0.0000 93.53 93.4 65.6 .2025—03
6 30 .00272 .091 4606. 0.0000 97.94 93.4 65.6 .2855—03
‘3 3’. .00271 .098 5160. 0.0000 102.30 93.2 65.5 .2795—03
10 38 .00263 .104 5746. 0.0000 106.93 93.2 65.4 .2005—03
11 42 .03265 .110 631.3. 0 .0000 111.97 93.4 65.3 .260E—03
12 46 .00261 .115 6966. 0.0000 117.32 93.3 65.3 .2896—03
13 59 .00260 .120 7612. 0.0000 122 .79 93.4 65.2 .3015—03
14 54 .00244 .125 6264. 0.0000 128.4.4 93.3 65.1 .1665—03
15 ¶ I  .00233 .131. 8897. 0.0000 129.19 93.2 65.0 — .1846-05
16 62 .00231 .143 9515. 0.0000 128.80 93.2 65.1 — .1705-014
17 66 .00225 .152 10121. 0.0000 129.02 93.3 65.1 .2105—34
10 70 .00222. .161 10721. 0.0000 129.34 93.3 65.0 .1795—04
19 7l. .00221 .169 11315. 0.0000 129.52 93.4 65.0 — .10 7E— 0h
20 70 .00215 .178 21898 . 0.0000 129 .52 93.4 65.0 .4.155—05
21 82 .00212 .187 12468. 0.0003 129 .1.2 93.2 65.0 — .9246—05
22 86 .03210 .196 13031. 0.0000 129.22 93.3 65.0 — .1765—04
23 90 .002114 .205 13394. 0.0000 128.49 93.3 65.1 — .3585—0 4

STANTO N NO. RUP~ — kR 0.295-3, F 0.0039
RUN = 030375 TOO a 71.00
TINF O 66.90 TwO = 59.00

Pt. N ST 0(44? P505412 F U INF TN T INE KR

1 7 .00356 .015 667. .0039 67.00 98.0 65.5 0.
2 6 .00212 .04.2 1871. .0039 86.67 90.1 66.5 — .2446—05
3 10 .00167 .06, 2906. .0039 86.80 98.2 66.5 — .240E—05
I. it. .00145 .087 3862. .0039 86.80 98.2 66.5 — .12 4E—0 ’.
5 18 .00145 .108 2.840. .0039 86.82 38.0 66.5 .5525—0’.
6 2? .00134 .126 5800 . .0039 88.82 98.1 66.5 .2395—03
7 26 .00133 .11.1 6777. .0039 92.98 98.2 66.4. .2966—03
0 30 .00125 .155 7789. .0039 97.49 48.1 66.3 .2945—03
~ 3’. .00129 .168 8648. .0039 102.09 96.1 66.3 .2845—03

10 36 .0012 5 .181 9958. .0039 106.63 98.1 66.2 .2796—33
it 42 .0013? .193 11125. .0039 111.71 98.0 66.1 .3005—03
12 66 .00125 •204 123147 . .0039 117.4.2 98.0 66.0 .2956— 03
13 50 .00122 .215 13 613. .0039 122.96 47.9 65.9 .2995—03
14 56 .00116 .225 14923. .0039 126.72 98.0 65.8 .1955—03
15 50 .00110 .243 16252. .0039 130.10 98.0 85.8 .6696—05 •
16 62 .00103 .26.3 17571. .0039 129.95 98.1 65,8 — .1585—04
17 66 .00096 .262 18876. .0039 129.83 98.0 65.8 .8546—05 - -1’
1 8 70 •00086 .301 20158. .0039 129.92 96.0 65.8 — .1975—05
19 7’ .00008 .321 21442. .0039 129.81. 96.1 65.8 — .8635—05
20 76 .000 86 .31.0 22731. .0039 129.61 96.1 65.6 — .2916—05
21 62 .00080 .359 2399’.. .0039 129.89 98.1 65.8 .62 86—35
22 86 .00071 .378 2~ 236. .0039 129.74. 30.7 65.8 -.52 65—05
23 90 .00079 .395 26476. .0039 129.76 98.2 65.8 .7896—05
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STANTON P-IC . PUN — K=~~.21E- e , F:0
1.UN = 042975 709 ~~~~~ - I
TINF O €7.30 TWR = 58.00

P1 ~ ST OFH’ QFOEII ? F UI6F TN TINE K

1 2 .00 5 2 3  .011 4.70 . 0.0000 87.03 45.1 66.9 — .1216—07
2 6 .00369 .078 1270. 0.0000 l b .90  95.1 66.9 — .5’.9(—08
3 19 .00326 .0.2 1890. 0.0000 86.92 95.~ ~6.9 -.3696—06

~. 1.. .00301 .055 2451. 0.0000 8S.8.~ 3~~.2 € 6 . ’~ — .15..E— 07
5 10 .00287 .07 29b?. 0.000~ 8€.5’~ 45.3 ~6.9 .5406—07
6 22 .00279 .015 3602. 0.0000 88.7~ )~~.3 ~‘6.8 .21.56—05
7 26 . 0 0’ 8 B  .0”. ‘.015 . 0 .00CC 33.36 95.3 cS.8 .2726—06
8 30 .C0277 .090 4590. 0.0000 98.65 35.1 66.7 .2785—06
9 3’. .30277 .096 5171. 0.000Z 104 .1.1 15.1 ~€ .6 .2 72 6 — 0 6

19 31 .00270 .131 5770 • 6.000] 11O.8~ 95.1 66.5 .2765—06
11 4.~~ .09274 .1C5 641.6. 0.0000 118.43 95.2 t€ ... .294.6—06
1? 66 .00270 .106 7109. 0.3000 127 .87 15.2 66.2 .946—06
t~ 50 .0027~ .111 7853. 0 .0006 138.33 95.2 ~ê.t) .2 025— 0 6
14 54 .00247 .1.13 8681 . 0 .0000 1.9.90 95.0 t r .8 .1535—06
15 08 .00233 .121 9391. 0.0000 15t .2~ 35 .1 65.8 — .0’.SE—08
16 62 .‘0236 .13? 10116. 0.000~ 1’.9.9~ 45.1 t~5.8 — .261.6—07
17 66 .00?2~ .11. 1 10776. 0.0000 1l.~~.2t 3~~.2 P -S .8 — .51.96—34
18 70 .00725 .150 11465. G.OC CO 1L ,9.1~ qS.? 65.1 .5116—09
19 7’. . 00 221 . V 9  1213’ .. 0 . 0 0 0 )  149.~~5 4 5 . 3  ~5 .8  .2 3 3 6 — O S
20 76 .0021s .167 12793. 0.0000 1’.9.9’ 45.3 p5.0 .7385—08
21 82 .00211. .175 13680 . 0 .OO C I 150. 2~ 95.2 F-~~.8 .135E—0 7
22 86 .00215 .1’’. 16167. 0.0(0’ 1~~0.0’ 4c .2 tS .8  .133 E — 0 7
?1 90 .00219 .1-4 ? 16839. 0.0000 151. 3 - U 4c .? 6c .B .5 75E— ~ 8

STA NTON NO. RUN — K 0 . .’8 E-6, F=0 - F IRS I  S PLATES UNH EA T tM
RUN 042975 70° = 74.00
TINF O 67.60 t W O  = 5 8 . 0 0

Pt. N ST 0(41? REO€H2 F UIN F TN 114W K

1 2 o.ooooc’ 0.000 0. 0 .0000 67.10 68.6 67.0 — .121E—0?
2 6 0 . 0 0 0 0 0  0 . 00 0  0 • 0. 000~ 86.91 ‘,8.4 67.0 — .5495—06
3 10 0 . 0 0 0 0 0  0 . 0 6 0  0 .  0 . 0 0 0 0  86 .93  66.1 67 .0  — .309 5 — 0 8
4. 16 0 .0 0 000 0 . 0 0 0  0 .  0 . 0 0 0 0  8 6 .84 .  o 8 .0  67.0  — .15 66— 3 7
5 16 0 . 0 0 0 0 0  0 . 0 0 0  0 .  0 . 0 0 0 0  8 6 . 5 ?  68.2 67 .0  . 5 ’ . O E— Q 7
6 22 0 . 0 0 0 0 0  0 . 0 0 0  0.  0 . 0 0 0 0  88. 70 69.1 57 .0  . Z 1 € E — 0 6
~ 26 .0049 0  .010 4 7 1 .  0 . 0 0 0 0  9 3 . 3 0  45 .0 67 .0  .2 7 2 6 — 0 6
8 30 . 0 03 6 9  .0 26 1315. 0 . 0 0 0 0  98 .67  95.1 66.9 . 2 7 8 5 — 0 6
9 3’. .00 349 .039 2 0 7 5 .  0 . 0 0 0 0  1 04 .4 3  44 .9  61 .8  .2726—06

10 38 .0 0 3 28 .aco 2820 .  0 . 0 0 0 0  1 1 0 . 8 ?  95 .0  66.7 .2 7 6 5 — 0 6
11 ‘.2 . 0 0 3 2 1  .059 3579 .  0 . 0 0 0 0  118.45 95 .0  66 .6  . 2 9 4 5 — 0 6
1.2 46 . 00 3 1 3  .067 ‘ .376 .  0 . 0 0 0 0  127. 09 15.1 6 6 .4  . 2 9 4 . 5 — 0 6
13 50 .00311 .0 7 4 .  5238 .  0 . 0 0 0 0  13 8.33 35.1  66 .2  . 2 E — J 6
1~. 54. .C0 280 .089 6122.  0 . 0 0 0 0  14 9.9? 35 .0  66 .0  . 1 5 3 6 — 0 6
15 ~8 .00 261 .090 691.9. 0 . 0 00 0  151.28 95 .1  65.9 — .84 5 5 — 0 8
16 62 .0 0 2 5 5  .101 7 7 2 5 .  0 . 0 0 0 0  11.9 .97 95.1 66.0 — .2 6 4 6 — 0 7
17 66 .00247 .111 8492. 0.0000 11.9.2’. ‘35.1 66.0 — .5 2 . 9 5 — 0 6
18 70 .092 1. 5 .121 9233 .  0 . 0 0 0 0  14 9 .18  95 .2 66.0 .5 11 5— 09
13 74. .00 238 .130 9961. 0 . 0 0 0 0  149 .57 ‘ 35.2 66 .0  .2 3 3 5 — 0 8
20 76 .092 3 3  .139 10696 . 0 . 0 0 0 0  149.96  95.2  66.0 .7 3 8 6 — 0 8
21 62 .00229  .1.9 114 33.  0 . 0 0 0 0  15 0 . 2 7  95.1 66.0 . 13 6 5 — 0 7
22 66 .00 22 8  .157 12109. 0 . 0 0 0 0  1 5 0 . 8 8  95.2 66.0 .133 6— 3 7
23 90 .00232  .165 12806.  0 .0 0 0 0  151.4.1 95 .2 65.9  . 5 7 5 E — O S
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S T A N T O N  NO. RUN — KRa0.50E—3, Fz0
RUN = 050073 TD D = 75.00
TIN F O = 66.90 TI4 I3 61 .00

Pt. N SI 06442 ~E0EH2 F U IP4F 
• T N TI NE KR

1 2 .0 0 5 25 .011 453.  0 . 0 0 0 0  83.69 95.6  6o. 5 .200 E— 0 5
2 6 .00 3 7 ?  .026 1227.  0 .0 0 0 0  83 .84  95.5 16.5 — . 2 6 5 5 — 0 5
3 10 .00328 .042 1830. 0.0000 83.73 95.6 66.5 _

•345 (_ Q5
4 14 .00302 .055 2377. 0.0000 83.7’. 45~ 5 66.5 — .7036— 05
5 1! .00281 .067 2880. 0.0000 63.69 45.6 66.5 .9205—04
6 22 .00262. .076 3390. 0.0000 86.57 95.5 66.5 .3506—03
7 26 .00296 .082 3932. 0.0000 93.19 95.5 oS.’ . . 4 9 8 5 — 0 3
8 30 .00286 .067 2.521. 0.0000 101.3’. 95.5  66 .3  .5 1 5 5 — 0 3
9 3’. .0028’. .091 5148. 0.0000 109.75 95.4 66.2 . 1 . 8 7 5 - 0 3

10 38 .0027’ .095 5800. 0.0000 118.58 95.5 6.0 .6905—0 3
11 42 .00275 .099 6t.93. 0 .0000 126.33 95.5 65.9 .468F—0~
12 1.6 .00266 .103 7232. 0.0000 137.29 95.5 65.7 .3635—03
13 50 .0026! .108 7967. 0.0000 1414 .65 95.6 65.5 .3296—03
1’. 54 .00243 .112 8755. 0 .0000 152.43 95.6 65.4 .1835—0 3
15 58 .00231 .122 9530. 0.0000 153 .1° 95.5 65.1. — .9876—05
16 62 .00228 .132 10258 . 0.0000 152.30 95.5 65.’ — .2665—0 .
17 66 .00225 .141 1092~~. 0.0000 151.91 ‘45.6 65.1. — .130 6— 05
18 70 .0022 4 .150 1.1677. 0 .0000 152.09 95.4 65.4 .7476—05
19 74 .00221 .1~~5 12328. 0.0000 152.31. 35.5 65.’. .8796—0 5
20 78 .00218 .167 13044 . 0.0000 152.64 35.5 €5.1. .110E— Q’.
21 82 .00215 .176 13753. 0 .0000 153.10 35.4 65.’ .17 1.5—0’.
22 86 .00216 .184 11.446. 0.0000 153.46 45.4. 65.4. .9206—05
23 °0 .00220 .192 15078. 0 .0000 153.61 1~~.5 65.3 .96i.E—05

STANTON NO. RUN — VA RIA Q IE U1441,F - STEPS IN F — T W A L L C O N S T A N T
RUN = 051’ .75 TO O 7 7 . 0 0
TINF O a €5 .10 T W O  = 62.00

Pt. I ST DEN? REOEII 2 F UINF TN TINE KR

1 2 .005 21  .010 ‘ .77. 0 . 0 0 0 0  8 7 . 7 8  90.5 E~~.7 0.
2 6 .00367 .028 1292 . 0 .0000 87.77 90.3 64.7 — .566 5— 0 5
3 10 .00325 .01.2 1921. 0 . 0 0 0 0  87 .75  3 0 . 4  6’ ..7 — .31.O E— 0 5
4 1’ . 00 3 0 1  .055 250 1 .  0 .0 6 0 0  67.68 9 0 . 3  64 .7 — .10 9 6 — 0 4
5 18 .00287  .067 3035 .  0 . 0 0 0 0  87 .56  4 0 . 3  6~~.7 .6 536—0 . .
6 22 .03276 .076 3551. 0.0000 89 .74  9 0 . 4  64 .7  .2 ’ .95—03
7 26 .00191 • Q 8 5  4 3 24 .  . 0 0 3 7  54 .58  90 .6  64. 6  .3 4 2 5 — 0 3
8 30 .00165 .104 54 17.  .003! 99.99 90 .6  64 .6 .31 .35—03
9 34 .00 1.61. .118 6490. .0033  105 .47  90.6 64.5 .34 35—03

10 30 .00 158 .131 7 5 6 0 .  . 00 31  111.53 ‘ 30.6  64.1. .3 5 0 6 — 3 3
11 42 .00160  .142 8 7 0 8 .  . 0 0 3 0  117.87 90 .6  64 .3  . 3 2 2 5 — 0 3
12 1.6 .0016 0 .154 9848 .  .0026  123.61 90 .5  64 .2  .2 6 4 6 — 0 3
13 50 .00150 .165 10981. .002’ 128 .6 0  9 0 . 5  € 4 . 1  . 2 5 0 5 — 0 3
14 51. .00 150 .175 12164 .  .0026 133.84 90.4  64 .0 .2 0 5 6 — 0 3
1! 58 .00150 .187 13278. .0026 137 .03  90.5 63 .9 . 1 ’ 2 E— 0 3
16 62 .00142 .199 14365. .00 25  139.50 90.6 63 .9  . 1 0 5 6— 0 3
17 66 .06194 .206 15138. 0 . 0 0 0 0  141 .73 90.7 63.8 . 1 0 9 5 — 0 3
18 70 .0020 0  .213 15871. 0 . 0 0 0 0  144 .06  90.5  63.6 . 1025—0 3
19 74 .00204 .217 161.19. 0 .0 0 0 0  145.2€  90.6  63.8 .793 5— 0 ’ .
20 76 .00206  .223 17043. 0 .0 0 0 0  147.62 90.6 63 .7  .67 16—0 4
21 82 .00202 .229 17715. 0 .0000  149.25 90.5 63.7  .6121—0 1.
22 88 .0020 2  .235 18321. 0 . 0 0 0 0  150.59 90.8  63.7 . 3 7 7 5 — 0 4
23 90 .002 0 ’ S .21.3 18985. 0 .0 0 0 0  151.32 90.5 63.6 .209 1—0 4 I -
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STANT ON NC. RUN - VARIA’3L6 UNIF .F — S T c P I  IN F , T W A L L
RUN 051475 TOR = “.00
TIN FO 65.00 TWO = 62.CO

Pt. X ST 0EP-4~ REO5~i2 F UIPIF TM TINF K’.

1. 2 . 0 0 5 1 5  .0111 1 .7 1 .  0 . 0 0 0 0  8 7 . 7 8  30 . 7  6 4 . 7  0.
2 6 .0 1364 . 0 2 6  1 278 .  0 . 0 0 0 0  87.lo 40.6 54.7 .5666 06
3 10 .00323 .042 1908. 0.0000 67.7~ 90.6 64.7 - .31.06—05
1. II. • I3’~3 Q ’  . 0 - SI. 2 4 7 7 .  0 . 0 0 0 ’ )  67 . 68  10 . 6  6’ ..? — .104 E — G ’ .
~ 18 .0 ’ )2 f i ’ .  . 05~ 3 0 0 4 .  0 . 0 0 0 0  67 . 5 1  -10. 6 64.7 .6536—01.
6 22 .0327 ’ .  .‘7~ 35~~4~ 0.0003 89.7~ -‘0.6 ~‘.7 .2’.9E—03
7 26 .00186 .087 4293. .0037 94.58 10.8 t~’..6 .3426—03
8 30 . 0 ’ ) 1~~9 ~j 9 .1 5375 . .0035 59.99 ‘40.8 64.5 .3 ’ .3E—03
° 34 .00161 .118 6445. .0033 105.1.6 90.8 61..’. .3435—03

10 36 .00151. .130 7535 .  .0031 111.52 40.8 64.1. .3505—03
11 42 .00155 .11.1 8633. .0030 117.86 90.8 64.3 .322E—03
12 1.6 .00153 .152 9735. .0028 123.61 90.8 64.2 .26I.~ — 93
11 SC .00196 .1?’. 8269. .0027 128.60 100.3 6’..l .2506—03
1’ 54 .00171 .131 91.49. .3026 133.61. 100.5 64.0 .2056—03
iS 58 .001(5 ~~5’) 10640. .OOZt 137.03 1.00.5 3~ 9 .1225—0 3
it~ ~‘? .00154 .16,3 11759. .0025 139.49 100.7 13.9 .1055— 33
17 €~ .00219 .172 1261.0. 0.0000 11.1.72 100.8 63.8 .tO9E—0 3
1~ 70 .00211 .1.79 13350. 0.0000 144.06 100.6 63.8 .1025—03
19 71. .00220 .18’. 1395? . 0.0000 146.25 103.7 63.7 .?93E—0 ’.
20 7~ .0fl’17 .191 1463?. 0.0000 147.82 100.7 63.7 .6715—01.
21 8? .00 214 .198 1528 3 .  0 . 0 0 0 0  149.25 100.7 63.7 .6125—34
22 86 .00213 .05 15968. 0.0000 150.58 100.7 13.6 .3776—0’.
23 99 .33216 .213 16666. ~.000] 151.32 130.6 63.6 .2096—04
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544 1 5 5 5) SU ) 5- 0 8 ) P . .3 s ) . 4 c’r - ’ 0 5 - ( ’ j 4 ’ 0 4 0 I s, )( s ’ s 0 ’ 0 5 . 4 s O . 4 4 0 U S A l 0’
• U ’ O ’ . 7 5 ’ 0 5 ( 4 %0’. 50 0 0 0 0 C I 6) 1 4 5 4 5 4 (0 8 ) 8 )4 U ” 0 5 ’ C I ( 0U )C I 3 5’ 8 ) 0’ U ’ sC S I C I 0 ’ 4 0 5 0

5- . I 5-5 0 0 ’.08)P . .  5. . . 5 . . . s  I . .  • I s s s I • P .• I S  5 5 5 5 .  • • S
55) .7 S C ’  1 0 5 4 %  3’. .4 ..S . 4 ( 0 ( 5 JA l 8 ) 5 )4 U ’ s O’ . O P . 5’
.1 CI 4 00 4 0  5
54 8) (0 0  5 5 4
Is. 0 . 5 1
O 50 40 6) 5)  P. 54) .4 ~ 4 U’) (00 00  U) CI 6) CI U’s US If’. U’ C I  6) 6) CI C CI CI CI
4. 0 0 5 4 ( 0 5) 3 4 0 4 4. O ’ 5 . 4 8) 5 4 ) 0 5 4 0’ ’ 0 s O s Q s 4 %5’ 6 ) U ) C I C I OC IO
4. II SI SI 55 II 55 54 55 3’. 6) 0 CI CI C’ 00 0  6) 0 0  54 14 s-I s-I 454 Al 3’) .7. V’s 50 P. 515 6) (%J 50 50 405’ )

P . 5 5 4 S 5  . 1 1 1 1 1 .  1 1 1 1 .  5 5 I I  5 5  I ll S  I

2 U) . 1 . 4 . 4 5 4 . 4 ( 0
40 5- 55. 150 9
545 2 4 0  2 5 . 4 0
5 3 _s 5-S 54. 5- (U 5-. .4NI~) .3- U’s 5 0 5- 4 0 4 5 6 ) 5 4 7 4 8)  .7. 55’) sQ P’. 40 51’ 0.1 51-4 5) 4 US 50 P~~40 O’
9 4 .4 .  ( 9 Q 9 5 4 Ø  4.
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I I ..I US 5 0 ’  (44 9
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C S
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.4 4 00  S
(4. ~~ 54 5 CI
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7 (U
40 5- (4. 74 3
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S 9 _ s  54 is. I— U) 5-
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O 4.. 3 1 4 5 4

CI N
CI S
0 5 - 5 0  a .440 5 0( 0  45 4~ ( 0 0 ( 0 0’  Al IA US 0 4 0 5 4( 0 5 - 5 4 5-  4.-

S 5’) 6) CI 50 55’ 51) .4 *5’ U’ .55 50 54) 5- 4... 5’.. ~~ i 50 54 •1 1%) s-I ~~
0 3 I S I S  1 1 1. 1 1 P . I S S S IS  I 5 5 5 S 1 5

IS II 55 II II II 55 II II 5) 50 40 CI (‘.1 U’) 40 6) 8) ‘.0 40 NJ (5% 40 (‘4 sQ 0’ (‘.4 sf5 CI 04 55) 51)
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• 40 144
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40 5.
(“5 I I S S I I . . P . I S I S S S S 5 S s S S ~~~~~~~ I

• 5’1.144
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14, CI P. CI
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50 (0 5. S I S , I P . 5 5  . 1 0 0  5 5 0 S S I I ,S . I I S P .

CI 0’ 9 .4 .4
* 74
6) I
6) 51) 4 5 4 5)  40 U’s 7 4 5 - 5 0 4 5 - 4 0 8 )  54 US 5 0 5 -  6) 51) 4’ 4 4 5 4  ( 5 4 (0  (54
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R€ VNOLtS ~T~ESS TFWSOP C OP~PONE ?’.T~ - KR DO , F 0  RUN

RUN = 011175 CF/2 .0023’. Dii x .266 BET A = 0 . 0 0
PLATI = 17 UTAU ‘..24. 0E2 = .182 REOE 2 = 6081.
X = 66 F = 0.3000 H = 1.4.6 RE K = 6?.
UINF 87 .7~ OF 1 5 3C 2  G 6 .53  KR = 0.

Y Y/OE U U’2/U12 VP2/U12 WF2/U12 —UV/U 12 02/U12 RUW RU?

.009 .807 27.59 .0C783

.020 .015 3I..1t .00 812

.030 .022 37.53 .0084.1

.045 .033 ‘.1.38 .0C~~91

.060 .01.1. 43.~~7 •0fl’~15

.080 .059 46.74. .00935

.100 .074 4.8.86 .0093~

.130 .096 51.32 .00935 .00309 .00505 .00221 •C1749 .411 .126

.165 .12~ 53.79 .O0 -~I0 .00350 .00469 .00227 .01709 .4.1’.. 1133

.200 .1~.8 56. 28 .0C884  .003 18 .0046 6  .00226  .0 1667 .427 P.136

.300 .22? 61.33 •U0~~01 .00302 .001.35 .00217 .01538 .4.41 .141

.4.00 •‘96 64.86 .00715 .00305 .00408 .00198 .014.28 .4.24. .139

.6 00  .4.4’. 71.1.8 .00572 .00254. .00337 .OOlr T .01162 .438 .14..

.800 .59’ 76.92 .001.33 .00181 .00256 .00124 .00870 •44.3 .143
1.100 .811. 83.71. .00216 .00105 .00113 .00057 .001.34 .379 .131
1.1.00 1.03fs 87.21 . 0004 .1  .00036 5 0 0 0 2 6  . 00011  .00103  .287 .106
1 .8DO 1.33 1 87 .73 . 0 0 0 0 5

REY N CLUS STRE SS TE NSOR COMPONE N TS — KR C .1E’E—3, F=0.00 00 RUN

RU N 04.0375 CF/? = .00266 061 = .163 BETA = — .130
PL A T E  17 UTAU = ~ .iq 062 = .131 REOE2 = 6854 .
K = 66 F = 0.0 000 H = 1.43 REK = 84..
U!NF = 100.71 06 1.119 G = 5.58 KR = .1466—03

Y TIDE U UP2/U12 VP2IUI2 WP2/U12 —UV/U12 Q21U12 RUV RQ2

.006 .005 33.47 .00737

.010 1009 37. 6f) . 0 08 07

.0 20 .018 4.4 .09 .00873

.0 35 .031 50.0’. .00936

.045 .04.0 53.06 .00950

.060 .054 56.5.4 .0 0961

.080 .071 59.97 .00967
•t05 P.094. 63.56 .0094.2
P.13 0 .116 66.4.6 .00909 .0022’. .00366 .00211. •s314.99 .471. .143
.155 .139 66.80 .00873 .0023’. .00351 .00210 .01458 .4.65 .14.’.
.190 .17 0 71.75 .00818 .00198 .00332 .00196 .0131.8 .4.8? .11.5
.22~ .201 74.46 .00754 .00202 .0031 2 .00186 .01268 .4.77 .141
.275 .246 77. 1.7 .00679 .00167 .00282 .00173 .01148 .4.86 .1~~t
.35G •313 80.92 .00566 •0J185 .0026 3 .ooici .01014. .4.6? .149
.4.28 •~~$Q 84.16 .00’.61 .00163 .00229 .00131 .00873 .4.66 .150
.500 •44.7 86.79 .004.10 .00153 .00204. .00115 .0076? .5s5 9 .150
.700 .6 26 92.56 .00259 .00108 .00133 .00074. .00500 .44.2 .14.8

a .900 .804 96.95 .00143 .00065 .00064. .00038 .00272 .39. .240
1.150 1.028 100.06 .00032
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REYNOL DS STRESS TE NS OR COMPONENT S — KR 0.t5E~~3, F=0.0000 RUN

RUN = 01.0375 CF/2 = .00 263 0(1 • .181 BETA • - .38
PLAT E = 22 UTAU = 5.85 0(2 = .131 REDE2 7643.
K 86 F = 0.0000 H = j13~ R E K  • 93.

UINF = 114 .07 06 l.1C2 G = 5. ’.1 KR .1396—0 3

V ‘flOE U UP2/U12 VP2/U 12 WP2/U 12 —UV /U 12 Q2/U12 RUV RQ2

.006 .ooc 40.05 .00740

.008 .00? 4.2.11 .00773

.0 16 .O1~ 4.9.34 .00871.

.0 33 .028 56.11 .0 3 933

.04.5 .038 59. 86 .00957

.060 .050 63.10 .00962

.080 .067 61.39 .00963
N .10~ .088 71.58 .00939

.130 .109 713.9’. .00907 .00195 .00365 . 0 0 26 2  .01467 .480 .135
• 1 5C  .130 7 7.4.9 .00869 .00200 .0J329 .00191 .01398 .4.56 .137
.190 .159 80.85 . 0 08 0 3  .00204  .00317 .00184. .01324 • 4 5 5  .135
.22 w .189 83.6 1 .00750 .00207 .00289 .00176 .0121.6 • 4.4.7 .141
.2 7C .231 87.26 .00672 .00195 .00266 .00162 .01133 .44.8 .14.3
.3 50 .294 . 91.03 .00563 .00165. .00242 .00138 .00969 .‘..5’. .14.2
.4.25 •357 94.71 .004.7 5 .00155 .00215 .0 0123  .00 84 5  .4.53 .146
.500 .4. 19 97•39 .00397 .0 014.8 .00183 .00105 .00728  .4.33 •j ’. I.
.70 0 .587 103.5’. .0024.1 .00099 .0012’. .0006 7 .0046 ’. .4.34 . j 4 4 .

.900 .755 108.0? .00139 .00059  .00065 .00038 .00263 .4.20 .11.’.
1.150 .965 111.4.9 .001) ’...

REY NO LOS S TRESS TENSOR COP4 PON E NTS - KR=0 . 29E — 3 , F=0.00~~0 RUN

RUN 322275  CFI2 = .0 3 3 0 7  061 = .111 BETA = — .1.1
PLAT E = ii UTA U = 6.1’. 06 2 .077 REDF2 = 4.1.66.
K = 4 2 F = 0 . 0 0 0 0  H = 1.43 REK = 99.
UINF = 110.7’ DE = .6 56 G 5.46 KR . 2 8 2 E— 0 3

V Y/ f l F Si UP2/tJ12 VP2/U 12 WP 2/U 12 -UVIUI2 Q2/U12 ‘~UV RQ2

.0 08 .012 1.3.70 .00770

.0 13 .020 4.8.22 .0001.2

.0 19 .029 52.31 .00899

.0 23 .O3~ 5’..53 .0092 1.

.027  .04 . 1 56 .51 .00939

.03 1 .04.1 50 .05 . Q Q 9 ~~3

.03 7 .056 60 .70 .00958

.0 1.5 .068 63.39 .00968

.05~ .00’. 66. 20 .009 66

.06 5 .099 60.61 .00951
•07~ .11’. 70.38 .0C93’~.100 .1~’2 74.84. .0O88 ~.130 .196 79.4.6 .00815 .0024 1 .00362 .00209 .01438 .4.72 .14.5
.150 .228 82.01 .0076? .0022 9 .00357  .00192 .0135.3 .1.58 .14.2
.175 .266 85.00 .00~~i2 .00218 .003 18 .00183 .0124.6 .4.6’. .14.?
.200 .304. 87 .32 .0061.8 .00 7 04  .0030’ .  .0 0 1 t 8  .01156 .4.62 .14.5 4
.225 .34. 2 89. 52 .00593 .00182  .0 0273  .00151 .0101.8 .1.60 .113..
.275 .418 93.3A .0Ol. ’7 .00t~~1. .00230 .001 29 .006 71 .4.71 .143
.350 .532 9 .37 .00. ’5~ .0011? .00 174 . 000 Q 6  .00650 .4.68 .1.6
.4.50 .66’ i03.€ ~ .C0 ’21. .00079 .00109 .00061 .004.12 .459 .11.8
.60 0 .912 108.64 .000” .00039  .0004 1 .00020 .00157 .365 .127
.750 1.14.0 1t0. c 0 . 0 0 C i5

5,1
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REYNOLDS STRESS TENSOR CCMPONENTS — KR~ 0.2q~ — 3, F:3.0Q39 RUN

RU N = 010675 CF/2 = .00161 0(1 • .191 BETA —1.44
PLATE = 11 UTAU = 4.44. 0(2 = .131 REOE2 = 7524..
K = 4.? F = .0039 N = 1.50 REX = 72.
UINF = 110.67 06 = 1.019 0. : 3.35 KR = .294.6—03

V ‘f/OE U UP2/U12 VP2/U12 WP2IUI2 —UV/U12 Q2/UI2 RUV RG2

.008 .008 33.06 .00836

.013 .t1 3 36.92 .00809

.023 .023 1.2.63 .00969

.032 .031 46 . 28 .01031

.01.6 .04.5 50.88 .01066

.065 .06’. 56.16 .01135

.075 .014 58.21 .0114.1

~O8’ •Q 35 60.6’. .0114.7
— .100 .098 62.89 .01145

.115 .113 65.4.13 .01136

.130 .123 67.73 .01117 .00318 .03525 .00271 .01960 .455 .136

.150 .t’.~ 70. 15 .01091 .00301 .00~ 13 .00269 .01905 .1.69 .141

.195 .191 74.66 .01000 .00304 .00463 .00261 .01767 .473 .14.8

.295 ..~39 82.75 .00813 .00270 .00381 .00224 .011.61. .1.78 .153

.390 .383 88.60 .00667 .00215 .00314 .00186 .01196 .491 .156

.550 .51.0 96.44. .004.52 .00167 .00233 .00133 .00852 .4.8’. .156

.70 0 .458 7 102.36 .00297 .00116 .00158 .00089 .00873 .4.75 .155

.900 .883 107.00 .00122 .00070 .00065 .00037 .00257 .1.00 .144.
1.IOC 1.079 110.24. .0CC?.. .03024 .03015 .00007 .00063 .292 .111

REYNOLDS STRESS TENSOR COMPONENTS — K=3 .26E—6, F=0.0000 RUN

RUN = 080375 CF/2 = .00305 0(1 .096 BETA = — .57
PLATE 11 UTAU = 6.42 0(2 = .069 REO€2 4189.
K 42 F = 0.3000 N 1.42 REK • 104..
UINF = 116.’3 0€ .610 6 • 5.33 K • .2926—06

V ‘flOE U UP2/UIZ VP2/U12 WP2/U12 —UV/U12 Q2/U12 RUW RQ2

.00 6 .010 1.5.14 .00768

.010 .5116 50.22 .00601

.017 .028 58.64 .00865

.028 .04.6 62.75 .00922

.035 .057 65.95 .00932

.04.5 .074. 69.77 .00931

.060 .098 74.29 .00911

.080 .131 79.03 .00869

.10~ .177 83.4.7 .00 608

.130 .211 87.43 .00142 .00206 .00309 .00185 .01259 .471 .141

.155 .?5-1. 90.56 .00677 .00175 .00282 .00164 .01134. .476 .1’.’

.190 .311 94.55 .00501 .00156 .0021.9 .00145 .00986 .4.0? .1’.?

.225 .369 97.68 .004.91. .00159 .00219 .00131 .00372 .4.67 .15J

.275 .‘.Sl 101.69 .00391 .00120 .00161 .00102 .00700 .456 .14.8

.328 •533 104.86 .00306 .00097 .0011.4. .00080 .00547 .4.61. .14.8

.375 .4’IS £J ’.451 .00235 .00332 .00109 .00063 .004.27 .453 .14.8

.450 .733 110.82 .00156 .00053 .00067 .0004.0 .00276 .‘...0 •j45

.525 .861 113.34 .00037 .0001.0 .00043 .00024 .00170 .40? .14.1

.600 .984. 114.35 .00041
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